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FEM finite element method
POM-C acetal copolymer
a distance of  a plant from the base (measuring) rope
b length of  the plant’s edge that is perpendicular to 
the measuring line to show the blueberry bush’s 
projection
Bm the blueberry harvester’s working width
c length of  the edge that is parallel to the measuring 
line to show the blueberry bush’s projection
C cross-section surface of  the blueberry plant’s stem
Ch, Chmin , Chmax number (minimum, maximum) of  chilling hours
d distance between the plants
dc thickness of  the copying unit runner
d1y, d3y flexures at junctions 1 and 3 of  cantilever beams
D diameter of  teeth
Db diameter of  berry
Dp diameter of  picking reel
Ds diameter of  the stem.
Em elastic modulus of  rake’s tooth material
Ep shear strength for field’s soil
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Es tensile strength of  plant’s stem
F force
Fa,  Fa, min Connection force (minimum) between the stem and 
roots
Fc, Fc,min, Fc,aver, Fc,max connection force (minimum, average, maximum) 
between the berry and the stem
Ff friction force between the berry and picking rake’s 
tooth
Fg gravitational force being applied to the berry
FN elastic force of  the tooth in its normal direction of  
travel
Fs,max maximum tensile force applied
Ft lifting force of  the picking rake’s tooth
F1y, F2y, F3y force at junctions 1, 2, and 3 of  cantilever beam
H height of  picking reel shaft from ground
hs height of  berry stem
h1 height of  virtual intersection of  the trajectories of  
teeth from the ground
i index
I momentum of  inertia
K1, K2 local stiffness matrixes
K total stiffness matrix
lt calculated flexure of  a tooth 
∆L change in the length of  the test unit or the blueberry 
plant’s stem,
L tooth length
L0 initial length of  the unit or the blueberry plant’s stem
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La length of  cantilever element I 
Lb length of  cantilever element II 
Max upper height of  picking reel’s working area
Min lower height of  picking reel’s working area 
M1, M2, M3 torques at junctions 1, 2 and 3 of  cantilever beams
P0, P1, P2, P3 points on the trajectory (cycloid) of  the tip of  tooth
P1z, P2z coordinates of  points P1 and P2 on z-axis
nb rotational speed of  the picking reel
nf number of  fractions
ns rotational speed of  the lathe
N number of  tests 
q machine’s picking (harvesting) power 
Qb yield
r correlation coefficient
rA radius of  the picking reel
rB radius of  the end point of  teeth
Re picking reach
S12345, S345 area of  the marked shape 
Z number of  picking rakes 
t time
v absolute speed of  the end point of  teeth
vk calculated speed of  the machine’s movement
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vm working speed of  the blueberry harvester
vs linear speed of  the belt sorter belts 
vx, vz components of  velocity of  the tip of  tooth
Vfs Volume of  the fertiliser container of  the portable 
precision fertiliser spreader
Vw Volume of  the herbicide tank of  the weed spot-
control unit
wb With of  the fractionation slot between the belt sorters 
belts
W productivity
x54 distance between the lowest points of  the trajectories 
of  the free tips of  teeth
α inclination angle of  stem 
αi initial angle of  the rake to x-axis
β inclination angle of  blueberry harvester’s tooth 
(beam) 
βd average angle of  deflection in durability test
βm measured flexure of  a tooth (in degree)
βt1, βt2, βt3 calculated flexure of  a tooth (in degree)
γ rake angle of  the picking rake teeth
δ sliding factor
δp level of  impurities
∆Re unevenness of  harvesting
∆Vfs value of  fertiliser dose
ε plastic deformation
η angle characterising the free endpoint of  teeth
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Θ factor for the utilisation of  the unit’s width
λ kinematics parameter
σ tensile stress
τ time utilisation factor
ω angular velocity of  the picking reel
µ angle characterising the position of  the picking rake 
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INTRODUCTION
The overall production of  blueberries has increased considerably during 
the last twenty-five years, along with the total area being utilised for 
that production (Figure 1). It should be noted, however, that blueberry 
production capacity for various parts of  the world varies greatly (Figure 
2). The largest producer and consumer of  blueberries is North America 
or, more precisely, the USA and Canada (Strik, 2005).
 
Figure 1. Production levels and yield quantities for blueberries around the world 
between 1994-2018 (FAOSTAT, 2020).
Figure 2. The production share for blueberries by region between 1994-2018 
(FAOSTAT, 2020).
Figure 2 shows that in Europe, where the total population is about 1.5 
times greater than it is in the Americas, the blueberry production volume 
is about 4.4 times smaller.
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According to the “Estonian Horticulture Sector Development Plan 
2015-2020”, which was published by the republic of  Estonia’s Ministry 
of  Rural Affairs, the total area which is cultivated for blueberry 
plantations in Estonia amounts to between 60-80 hectares, with the 
number of  agriculturalists actively involved in blueberry production 
around forty. Therefore, it can be seen that the production volume for 
cultivated blueberries is somewhat small. This small level of  production 
volume is also expressed in small consumption volumes. In comparison 
with other countries, Estonians eat a relatively small amount of  fresh 
blueberries: according to the database which has been compiled by 
Statistics Estonia, this figure is around 0.1 kg a year (per capita). In the 
USA, blueberry consumption per capita was at 1.2 kg in 2017 (USHBC 
Export Databases, 2018; Hortifrut, 2019; Rama et al., 2018), while the 
respective figures for the years 2002 and 2011 were at 0.18 kg and 0.57 
kg respectively (Evans & Ballen, 2014).
Several studies (Marsh, 2016; Baby et al., 2018; Kalt et al., 2020; Silva 
et al., 2020) have shown that blueberries contain large amounts of  
phytochemicals, including plenty of  anthocyanin pigments, flavonoids, 
and antioxidants. In the phytochemical group, it is anthocyanins 
that have the greatest effect on the functionality of  human health. 
Epidemiological studies have found a connection between the regular and 
moderate consumption of  blueberries and a reduced risk of  contracting 
cardiovascular diseases or type 2 diabetes, while also providing a better 
maintenance of  body weight. Other important health-related aspects in 
terms of  blueberries include their anti-inflammatory and antioxidative 
effect, and their beneficial effect in the treatment of  cardiovascular, 
coronary, and neurodegenerative diseases. 
Blueberries are considered to be very profitable (Starast et al., 2005; 
Marsh, 2016) and, therefore, many countries see good potential in 
increasing their consumption and production. Even Estonia has good 
conditions and a range of  options in terms of  blueberry cultivation 
(Starast et al., 2005).
In 1992, Toomas Jaadla’s Marjasoo farm in was the first in Estonia (Tartu 
County, South Estonia) to establish a cultivated blueberry plantation on 
milled peat fields. The first plantation on mineral soil was established by 
Are Roosvald on Metsa Farm (Tartu County, South Estonia). Therefore, 
both mineral and peat soil has been (and remains) used for blueberry 
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production in Estonia. Mineral soil is mainly used for cultivating hybrid 
varieties, while the more suitable solution for peat fields is lowbush 
blueberry which will cover the entire surface within a few years by 
spreading via rhizomes.
Blueberry production in Estonia is not very profitable at the moment, 
as the existing blueberry plantations are small and mainly depend upon 
manual work, which is the main problem, being a rather large obstacle 
when it comes to the expansion of  plantations. Regardless, when 
keeping in mind the profitability of  blueberries, their cultivation offers 
a promising field of  perspective. As the area of  land that is currently 
under blueberry plantations is expanded, the need increases in terms of  
investment into machines and equipment. Raising technological capacity 
will permit a lowering of  the unit cost of  production.
The development of  blueberry cultivation is based on the mechanisation 
and automation of  the manual work that is needed for production. On 
the one hand, this means the development of  machines and equipment 
with suitable levels of  productivity and, on the other hand, a reduction 
in the cost of  using such machinery. A systematic approach is required 
when it comes to describing the necessary technological processes for 
expansion.
This doctoral thesis is largely based on six original publications and two 
intellectual properties that are given at the end of  this thesis. The first article 
provides an overview of  the technological peculiarities of  a blueberry 
plantation established on exhausted and abandoned milled peat fields 
and the development of  relevant machine cultivation technology and 
technological devices. The second article examines the determination of  
connection force between berries and stem in blueberry plants, the third 
article studies mechanical properties of  blueberry stems. In the fourth 
article are pointed out methodology and explanation for the selection 
of  the constructive and kinematics parameters of  the picking reel of  
the motoblock-type blueberry harvester, in the fifth article, in order to 
design a fertilizer robot, the location of  plants in the plantation was 
studied. The aim of  the sixth article is to provide a justification of  the 
choice of  parameters for the picking reel tooth.
The first patent describes new solutions for the picking reel of  blueberry 
harvester, the second patent describes technical solutions for belt sorter.
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The novelty of  this doctoral thesis lies in the determination of  the 
mechanical properties of  lowbush blueberries, the determination of  the 
parameters of  blueberry plantations which have been established on 
exhausted milled peat fields, the determination of  the duration of  the 
vernalisation period, a description of  the relations between the various 
elements of  blueberry cultivation system (the berry, the plant, the field, 
and the automation equipment), and the development of  technical 
solutions for the cultivation of  lowbush blueberries using automation 
equipment.
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1. A REVIEW OF THE LITERATURE
1.1. Blueberry cultivation technology
The working operations that are involved in blueberry cultivation 
include the following: soil preparation, planting plants, fertilising plants, 
maintaining the plantation, weed control, plant protection, harvesting, 
post-harvest processing, and cutting back the plants or rejuvenation 
pruning (Starast et al., 2005; Zydlik et al., Olt & Arak, 2012; 2016; 
Retamales & Hancock, 2018; Paper I). The lifetime of  a blueberry 
plantation is about 30-40 years, preceded by soil preparation and 
planting, both non-repetitive activities during this period.
The most important cultivated blueberry varieties can be divided into 
three groups (Starast et al., 2005; Retamales & Hancock, 2018): 
1. lowbush blueberry (Vaccinium angustifolium),
2. rabbiteye blueberry (Vaccinium virgatum),
3. highbush blueberry (Vaccinium corymbosum).
Various studies have shown that, in Estonia, it is reasonable to expect 
to be able to grow the lowbush and rabbiteye blueberries (Starast et al., 
1999; Karp et al., 2000; Starast et al., 2005). The lowbush varieties are 
great for milled peat fields, while the rabbiteye blueberries prefer mineral 
soils that have been improved with milled peat.
Peat fields have a pH level (4.5-5.5) and moisture regime that is suitable for 
blueberry cultivation (Noormets et al., 2003; Vahejõe et al., 2010; Paper 
III). However, the ground that is used for such blueberries has a lower 
load-bearing capacity (Boylan et al., 2011; Zwanenburg & Van, 2013) 
when compared to mineral soils and, therefore, only machinery with very 
low levels of  ground pressure can be used here and, unfortunately, such 
machinery has not been the centre of  attention for the larger machinery-
building companies. A few of  the smaller companies have produced 
machinery and equipment that can potentially be used in plantations that 
have been established on peat milling fields (Takeda et al., 2017; Paper I; 
Maine Blueberry Equipment Company, 2018; Acadian Machine, 2021). 
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As the number of  blueberry plantations that have been established on 
peat fields is somewhat small, and the majority of  them are located in 
the Baltic countries and Russia (Paal et al., 2011), no special maintenance 
or harvesting equipment has been developed for such plantations. The 
surface of  peat bogs sets out specific requirements for the undercarriage 
of  mobile machinery (such as the blueberry harvester, the fertiliser 
spreader, etc.). This is what makes the development and deployment of  
blueberry cultivation technology a truly innovative activity.
The total area of  milled peat fields in Estonia amounts to 9400 ha (Ramst 
& Orru, 2009; Karofeld et al., 2017). About 275 ha of  this area has been 
used during the last 45 years in the establishment of  cranberry plantations 
(Anier 2012), and about 20 ha is used for blueberry plantations, while 
the total area (involving the total number of  plantations on both mineral 
soils and milled peat fields) in terms of  cultivated blueberries amounts 
to about 60-80 ha (Estonian Horticulture… 2015).
The main factors to be considered when choosing the blueberry variety, 
beside the soil’s pH level, the moisture content in the soil, how well 
the soil is aerated, and the content of  organic substances (Starast et al., 
2005; Tasa et al., 2015; Retamales & Hancock, 2018), also include the 
prevailing weather conditions, with frost-resistance and the duration of  
the vernalisation period being the two most important areas of  concern.
Several studies (Starast et al., 1999; Karp et al., 2000) have shown that 
various lowbush and half-highbush blueberry varieties have sufficient 
frost-resistance levels for cultivation in Estonian conditions (in terms of  
Northern Europe).
The lowbush blueberry requires a vernalisation period of  at least a 
thousand hours, and is relatively frost-resistant (it is able to withstand 
winter temperatures of  down to -30°C), while the rabbiteye varieties need 
a vernalisation period of  at least 600 hours. However, the inflorescence 
of  rabbiteye varieties do not withstand temperatures that fall below 
zero. Northern highbush cultivars, which have been bred for Nordic 
conditions, require a vernalisation period of  between 800-1000 hours 
and can withstand -20°C in winter. 
For any type of  berry, including blueberries, the fact must be taken 
into account that the availability of  nutrients in the soil considerably 
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affects the productivity of  the plants (Farooque et al., 2012), and larger 
fertilisation norms (with nitrogen levels up to 150 kg ha-1) improve the 
growth of  plants and raise productivity levels (Ehret et al., 2014); this 
particularly applies to poor soils (Starast et al., 2007; Paal et al., 2011). A 
strong positive connection has been found between the availability of  
nutrients and the blueberry plant’s vegetative parameters, the height of  
the plant and the area of  the leaf  (Leit, 2017; Vainura, 2018).
In relation to this, fertiliser spreading depends upon the properties of  
the specific soil and the age of  the plant. Therefore, an adjusted norm 
has been prescribed for each type of  fertiliser. In terms of  the plant’s 
age, the fact should be taken into account that the plant’s roots expand 
every year. Therefore, the area to be fertilised also expands. During the 
first year, fertiliser should be applied to a smaller area around the plant, 
about 20 × 20 cm, but at the age of  between 6-8 years (when the bush-
shaped plant has achieved its maximum measurements), fertiliser should 
be applied to a larger area, of  about 100 × 100 cm around the plant (this 
also depends upon the density of  the plantation: when the plants have 
been placed 150 cm apart then the area to be fertilised is 150 × 150 cm).
Normal working operational conditions which have the highest level 
of  responsibility undoubtedly involve blueberry harvesting in blueberry 
plantations.
The main problem with manual harvesting is that the skeletal and 
muscular systems of  workers are exposed to stress that is caused by 
repetitive movements, improper working positions and carrying weights. 
During a study (Kim et al., 2018), workers who were manually harvesting 
blueberries wore shoulder and waist harnesses to which buckets were 
fastened. Surveys conducted during the study showed that the duration 
of  the working day for harvesters was between 6-7 hours. The weight 
of  the box or bucket which would gradually be filled with blueberries 
was between 7-10 kg. Each worker harvested up to fifty buckets a day 
and carried those buckets to the weighing points which were located 
alongside the field. Each worker carried out these repetitive back-and-
forth movements about ten or twenty times during a normal working 
day (Kim et al., 2018). Therefore, it can be claimed that harvesting 
blueberries manually is work that can be harmful to the health of  those 
who undertake it. 
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In the case of  the use of  semi-mechanical pneumatic shakers, the 
blueberry harvesters were exposed to constant vibration, which was 
the cause of  tiredness and which imposes several areas of  health risk 
to the upper limbs (Kim et al., 2018). The same study concluded that 
working with a mechanised blueberry harvester is the best solution in 
terms of  minimising a worker’s load and tiredness levels. Furthermore, 
the productivity levels for manual work are low (Käis & Olt, 2010), 
something which serves to increase unit costs, and which therefore, 
directly influences manufacturing costs.
1.2. An overview of  mechanical/technological blueberry 
cultivation
1.2.1 Harvesting technology
The most labour-intensive technologically-based working operation 
with the highest levels of  responsibility is the harvesting of  blueberries, 
especially those which are served fresh on the dish, as the berries must 
look their best with no signs of  bruising. This makes the blueberry 
harvester the most strategic cog in the entire technological system.
Blueberry plantations which have been established in the Baltic and 
Nordic countries are still based on the application of  manual harvesting 
using picking rakes (Figure 3).
Figure 3. Farm labourer harvesting in a blueberry plantation (Marjasoo Farm, 
22.08.2018). 
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The development of  industrial blueberry harvesters began in the USA 
in the 1950s, but the first successful units were only designed during the 
1980s (Hall et al., 1982). Several types of  mechanical blueberry harvesting 
machines have been developed since then; however, they have several 
technical disadvantages which can be linked to huge losses, mechanical 
damage caused to the plants and berries, and problem caused by uneven 
subsoil (Farooque et al., 2014).
Forms of  harvesting technology can be divided into three different 
categories (Farooque et al., 2014; Yu et al., 2014; Takeda et al., 2017; 
Retamales & Hancock, 2018): 
1. shaker-type harvesting equipment;
2. harvesting equipment with a vertical picking attachment; 
3. harvesting equipment with a horizontal picking attachment.
In the case of  shaker-type harvesting equipment (Takeda et al., 2017), 
the pneumatic shaker is used to shake the stem of  the blueberry plant 
so that those berries which have dropped onto the catchplate can be 
collected. Equipment of  this type is suitable for harvesting semi-high 
and highbush varieties of  blueberries.
In the case of  harvesting equipment with a vertical picking attachment 
(Oxbo Berry Harvesters, 2017; Littau Berry Harvester, 2020), the picking 
teeth which are attached to a drum are moved through or over the 
blueberry plant or bush, and the teeth remove the berries mechanically. 
Any berries which have been torn off  are collected from the catchplate 
or are forwarded by a conveyor to collection boxes. Equipment of  this 
type is suitable for harvesting semi-high and highbush varieties and can 
be used for collecting berries from blueberry bushes which are of  a 
height of  up to four metres.
In the case of  harvesting equipment which has a horizontal picking 
attachment (Maine Blueberry Equipment Company, 2018; Acadian 
Machine, 2021), the picking teeth are attached to a rotary reel or drum 
and the teeth move through blueberry plant to remove the berries from 
that plant. The removed berries are gathered into a collection box or 
bunker, with the rotary movement of  the reel moving either in same 
direction as the unit’s forward movement or against it. Equipment of  
this type is suitable for harvesting lowbush blueberry varieties.
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The power source for all three forms of  harvesting technology can 
come from a variety of  options, such as a tractor to which the blueberry 
harvester is attached. In addition to a tractor, a small motoblock-type 
harvesting unit can be used as an extra option. 
As the load-bearing capacity of  a peat field is somewhat low (Boylan et 
al., 2011; Zwanenburg & Van, 2013), only mobile equipment with very 
low pressure levels can be used here, which can be achieved only using 
motoblock-type harvesters.
Table 1. Relevant patents for lowbush blueberry harvesters (Espacenet, 2018)
Reference Patent no Patent aim 
Stankavich et al., 
1950
US2607180A Cranberry harvester
Brinton, 1957 US2780905 Picker for berries and the like
Bragg & Weatherbe, 
1985
CA1249727 Blueberry harvester
Robichaud, 1994 US5369944 Blueberry harvester and method 






CA2241386 Harvester for picking up berries
Emerson, Z, 2005 US6854255 Berry harvester
The patent analysis regarding the technological level of  lowbush 
blueberry harvesting technology (Table 1) shows that the most suitable 
structural solution for working on milled peat fields is a blueberry 
harvester which contains a drive with transmission, a picking reel, a 
berry conveyor, a berry guide, a frame to support the unit’s elements 
and assemblies, a copying unit, an undercarriage, and control levers 
with control mechanisms, with the working elements of  the picking reel 
being the teeth which are attached to a horizontal holder and are tilted 
backwards in comparison to the direction of  movement. The picking 
reel has been designed as a parallelogram reel (Paper III), which can 
be characterised by the fact that the teeth remain parallel to themselves 
at any angle on the reel. This form of  blueberry harvester is used for 
harvesting lowbush blueberries which grow relatively low, preferably at 
a height of  between 10-30 cm, and whose stems are vertical. Due to the 
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rotation of  the picking reel, the teeth first move downwards within the 
working area to a point between the plant stems, and then backwards 
relative to the unit’s direction of  movement by tearing the berries from 
the plant’s stem, and then upwards by moving the berries onto the 
conveyor.
The greatest disadvantage of  blueberry harvesters for lowbush 
blueberries is the presence of  a danger of  damaging the plants or 
pulling them out of  the ground. The process which involves damaging 
the plants or pulling them out of  the ground is as follows: a plant with 
long stems has been bent downwards in all directions around the central 
point of  the plant due to the weight of  the berries. The stems are often 
caught between the picking teeth as the teeth move downwards. Those 
blueberry stems which have been caught between the teeth are broken 
by the rotation of  the reel - which is equipped with rigid teeth - or 
are pulled entirely out of  the ground. This is a problem that has been 
widely recorded in blueberry harvesters, and it is one which needs to be 
resolved.
1.2.2. Fertilisation
Blueberry plants should be fertilised two or three times a season by 
dosing them with between 30-80 g of  fertiliser per plant (less in the first 
few years, and more later on) (Hart et al., 2006). Therefore, the doser 
must be adjustable so that it can properly spread the prescribed amounts 
of  fertiliser. Full-width fertiliser spreading cannot be used in blueberry 
plantations as this would cause weeds to thrive, which would increase 
maintenance costs somewhat unpredictably.
Regardless of  the aforementioned deficiency, the blueberry plantations 
of  the Baltic and Nordic countries utilise either full-width spreader 
trolleys which are pushed from the technical roads, or manual seed 
spreaders or backpack fertiliser spreaders.
In order to achieve the optimum results, fertiliser must be applied 
around the plant, under the plant’s crown (Hart et al., 2006), ie. the spot-
application method of  fertilisation must be used. Such a method is useful 
in terms of  several aspects: it offers a reduced cost and/or unit cost for 
fertilisers (while also offering greater levels of  plant protection), along 
with reduced environmental pollution levels (Esau et al., 2018), while 
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weed growth is reduced between the headlands (the technical roads). 
In terms of  the plantation’s age, the fact should be taken into account 
that the plant’s roots will expand year-on-year, so the area to be fertilised 
will also expand. During the first year, fertiliser should be applied to 
a smaller area around the plant, about 20 × 20 cm, but at the age of  
between six to eight years (when the bush-shaped plant has achieved its 
maximum dimensions), fertiliser should be applied across a wider area, 
one with a diameter of  100 cm around the plant.
Patent analysis of  the domain in the Espacenet environment shows that 
according to patent documents (Dillon, 2000; Seenauth, 2004; Zhang, 
2007) current solutions include spot fertilisers which have added tank 
containers to be worn on an operative’s shoulder or which can be worn as 
a backpack, and in which fertiliser granules leave the fertiliser container 
due to gravitational force, and are then directed towards the plant using 
a pipe-shaped fertiliser duct.
The greatest disadvantages of  such a solution are that the precision of  
fertilisation cannot be ensured and there is no possibility of  being able 
to adjust the dose. 
1.2.3. Plant protection
Various species of  weed can be found in the majority of  berry plantations 
of  all types, including blueberry plantations. The use of  plant protection 
products is one way of  inhibiting their growth or of  removing them 
entirely. 
The three main methods for delivering pesticides onto the field are 
broadcast, band, and targeted spraying (Hong et al., 2012; Olt, 2015).
From the environmental and economic viewpoint, the most reasonable 
method is targeted spraying (Esau at al., 2018), which reduces the 
amount of  pesticide needed by up to 60% when compared to broadband 
spraying, while also reducing the volume of  pesticides reaching the 
ground water by 44% (Hong et al., 2012). 
The applicator method can be used for treating single plants; this means 
applying herbicide on selected plants using physical contact between the 
applicator and the plant. This method allows a specific means to be used 
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to treat single weeds or certain types of  weeds, while the surrounding 
plants and soil are not accidentally exposed to the chemical agent being 
used.
A patent search was carried out in order to develop the equipment to 
be used for the applicator method. According to patent documents 
(Moore, 1990; Stevens, 2000), contact-based weed control equipment 
already exists which comprise a working unit which has been moistened 
with herbicide and which is used to touch the weed in order to destroy 
it. These units are operated manually or by using a motor. The greatest 
disadvantages of  these technical solutions include their uncomfortable 
use, low performance levels, and the possibility of  the chemicals reaching 
the plants and soil where these areas were not intended to be included in 
the treatment programme.
1.2.4. Post-harvest (berry sorting) technology
The main physical and mechanical properties in the sorting phase for 
berries are the geometric dimensions; this requires the sorting of  berries 
according to their size. There are numerous berry varieties, and berries 
which are served on the dish should, preferably, have a uniform diameter.
Two types of  sorting are currently applied: serial and parallel. Serial 
sorting separates size groups from the total volume of  berries according 
to size: first the smaller ones, then the medium-sized ones, and finally 
the largest. In the case of  parallel sorting, the groups are separated in the 
opposite order, ie. descending order. Roller, net, serial, drum, and belt 
sorters can be distinguished according to the working unit’s structure 
(Grote & Feldhusen, 2007; Soots et al, 2014; Patent II). 
Recent developments in sorting technology have included optical vision 
and image processing technology, which can also be used for sorting 
berries according to their chromatic properties or geometric dimensions 
(Cubero et al., 2014).
Several companies (TOMRA Food, 2019; Unitec, 2020; A&B Packing, 
2021; BBC Technologies Ltd., 2021; Elifab, 2021; Lakewood Process 
Machinery, 2021) manufacture equipment for sorting berries (including 
blueberries), but these are mainly intended for large-scale industries, 
while they also require stationary installation and controlled working 
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environments and, therefore, do not satisfy the post-harvest processing 
needs of  small and medium-sized farms.
These small and medium-sized companies need a relatively simple and 
economic solution with productivity levels which are comparable to the 
berry harvesting capacity. The equipment should be easily transportable 
and capable of  being used on the field or berry collection point for 
carrying out initial post-treatment work. In order to be transportable, the 
equipment should have a relatively low mass and small outer dimensions; 
it should be able to fit onto a trailer behind a passenger car or ATV, and 
should have low power consumption requirements.
A patent search was carried out in terms of  designing the belly sorter, 
and relevant patents have been presented in Table 2.
Table 2. Relevant patents for sorter (Espacenet, 2018)
Reference Patent no Patent aim 
James, 1943 US 2316159 Fruit and berry washing and grading 
equipment.
Percival, 1956 GB745730A Improvements in or relating to sorting or 
grading apparatus











NZ314846A Apparatus for grading mussels according 
to size, which includes a support frame 




NL1006272C2 A method and a unit for sorting objects, 
in particular fruit and bulbous plants, 
with regard to their cross-sectional 
dimensions
Valk, 2005 NL1024173 A sorting machine for bulb or tuber 
crops, comprising a perforated conveyor 
belt and beam for pressing upwards 





DE10359369 A fruit size sorter with a transporting 
system of  multiple, diverging belts 
which define a number of  openings of  









W0200612070 Gap width adjustment mechanism for 
the belts of  a grading system
Olt & Soots, 
2013
EE05642B1 Technical solutions to make belt sorter to 
adjustable
The patent analysis showed that the currently-available technical solutions 
had the following problems: the sorting slit is not adjustable, the sorting 
slit can only be adjusted at certain increments, the sorting slit is adjusted 
manually by displacing belts, the slit between the belts can be adjusted 
by manually moving the pulleys one by one, the adjustable mechanisms 
are not rotating when they are at work, the adjustment sorting slit can 
only be worked with a considerable time cost or adjustments result in 
considerable backlash.
Feedback from the farmers and the results of  the patent study show 
that the most suitable solution for the aforementioned task is to use 
technology which has been based on a belt sorter; although it is for 
this means of  operation that the problem of  adjusting fractioning 
slits smoothly, without any backlash and with little time cost, must be 
resolved.
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2. THE AIM OF THE THESIS AND ITS TASKS
Nowadays most technological operations in blueberry plantations which 
have been established on milled peat fields are mainly carried out using 
hand tools. 
The development of  any type of  agricultural production is, first and 
foremost, based on the mechanisation of  manual work and, afterwards, 
the improvement of  the technical and technological means that are 
related to these processes. On the one hand, these improvements consist 
of  the raising of  levels of  efficiency in relation to the technical and 
technological means and machines and, on the other hand, the reduction 
of  any cost that is involved in using them. 
The aim of  this doctoral thesis is to develop machine cultivation 
technology for lowbush blueberries which are being grown in milled 
peat fields in order to reduce manual production requirements.
The following tasks needed to be resolved in order to be able to achieve 
the ultimate stated aim:
1)  To describe the relations between the elements of  blueberry 
cultivation (berry-plant-field-machine);
2)  To define the mechanical parameters of  the cultivation system 
(berry and stem);
3)  To design a novel picking element for a blueberry harvester;
4)  To determine the duration of  the vernalisation period in Estonia;
5)  To create technical solutions so that technological work operations 
can be carried out using automated equipment.
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3. MATERIALS AND METHODS
The simplified circular scheme regarding the technological operations 
that are involved in blueberry production has been presented in Figure 4.
 
Figure 4. The technological steps involved in blueberry production.
Blueberry plantations have been established on mineral soils (Retamales 
& Hancock, 2018), but also on milled peat fields (Peatland Ecology 
Research Group, 2009). 
Machinery which carries out several technological operations in terms 
of  blueberry plantations that have been established on mineral soils 
have been developed and are in production. However, no machinery 
or equipment for peat milling fields is commercially available (Paper I; 
Paper V).
As blueberry plantations in milled peat fields in the Baltic and Nordic 
countries still mainly use manual operations when it comes to carrying 
out the various technological stages of  the overall process, it is important 
to mechanise the main operations of  cultivation technology, to propose 
technical solutions which will help to improve the efficiency of  certain 
operations, and to improve the precision of  working operations. 
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3.1.  The basis for preparing the development work plan
The methodology involved in studying the process of  blueberry 
production lies in a systematic approach and in the principle of  
optimising the working parameters of  the machinery involved.
The analysis of  papers that have so far been published on the topic 
(Starast et al., 2005; Bergs et al., 2008; Yarborough, 2012; Takeda et 
al., 2017; Retamales & Hancock, 2018) showed that all of  the various 
cultivation operations have been described separately and no systematic 
approach has been developed in terms of  technological operations. In 
other words, no information can be found about a description of  the 
systematic functioning of  the blueberry production process. As a result, 
any studies that cover blueberry plantations, plants, and machinery are 
treated as separate problems. There is no unifying system.
When studying any of  the technological work operations that are involved 
in blueberry production technology, it became evident that the main 
object of  optimisation is a technological solution or the machinery itself. 
Changes and optimisation can be carried out on the plantation and on 
the plant, but this area of  improvement is very limited. When machinery 
or equipment is optimised, the plant as the object of  processing and 
the plantation as the unit of  processing cannot be bypassed. Previous 
studies have paid little attention to these elements or have completely 
ignored them.
The machine cultivation of  blueberries is mainly carried out in terms 
of  the interaction of  between two to four components. In terms of  
fertilisation, weed control, plant protection, and rejuvenation, these areas 
all include the plant itself, the plantation, and the working machinery: 
three components in total. For harvesting it is reasonable to discuss the 
plant in terms of  two groups - as the berry or berries - along with the 
plant stem, the plantation, and the working machinery: four components. 
The components involved in post-harvest processing include the 
harvested berries and any impurities that are related to machine-based 
harvesting, mainly leaves and other plant residues: two components. 
Harvesting, which is the most complex working operation in blueberry 
cultivation technology, provides a dyadic result: the harvested yield and 
the processed plantation. The first result is given in the cooperation 
between working machine and plant; the second as the interaction of  
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the machine with the plantation. Therefore, the process which is under 
scrutiny has two technological aspects which differ from one another 
by the fact that the first one ignores the existence of  the plantation as 
a territorial unit. These aspects can be viewed as separate processes or, 
on the other hand, as the inner and outer sides of  the same process, 
providing a quantitative and qualitative aspect.
The system’s components can be referred to as elements. Therefore, 
these elements in the overall system for the machine-based harvesting 
of  blueberries include the blueberry plant itself  - focussing specifically 
on its berry or berries (or yield) - the stem which supports the berries, 
the plantation, and the working machinery, which together fulfil the 
functions of  the blueberry production system. Each separate element is 
not capable of  fulfilling the overall function. Each one of  them forms a 
function that is specific to another function. For example, the berry on 
a blueberry plant is an element which is connected to the plant stem; for 
a working item of  machinery, the berries are the material that is to be 
harvested or processed. 
The main features of  the system are expressed in terms for each system, 
as follows:
1) they can function as a whole together with the environment and 
other systems;
2) they consist of  a hierarchy of  lower-level subsystems;
3) they form a subsystem of  a higher-level system;
4) they maintain the general structure of  cooperation between 
elements.
Figure 5 shows the forces that are applied to the blueberry plant during 
machine-based harvesting. One of  the aims of  this doctoral thesis was 
to determine the aforementioned forces. 
It is evident from Figure 5 that, in order to avoid damaging the yield and 
plants during harvesting, the harvesting machine must be designed in 
such a way that the following condition is fulfilled:
𝐹𝐹�,��� > 𝐹𝐹�,��� > 𝐹𝐹� > 𝐹𝐹�,���
𝐸𝐸� > 𝐸𝐸� � (1)
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 Figure 5. The forces that are applied to a blueberry plant by the harvesting machinery: 
1) picking reel’s tooth; 2) the berry on the blueberry plant; 3) the blueberry stem; 4) the 
ground of  the field itself.
According to relation (1), one of  the aims of  this work was to define 
the blueberry plant, i.e. determine the connection force Fc between the 
berry and the stem, the tensile strength of  the plant’s stem Fs, and the 
connection force Fa between the stem and the soil. When taking these 
parameters into account, the material to be selected for the picking 
elements or the picking rake’s teeth should be able to separate the berries, 
but should do no damage to the plant, or crush it, or tear it from the 
ground, and neither should it bruise the berries. Test work was carried 
out to determine these parameters.
3.2. The basis for preparing the test work plan to define the 
blueberry plant
A determination of  the connection force between the berry on a 
blueberry plant and the plant’s stem. Blueberries (1) are connected 
to the plant’s stem (2) by means of  a ‘tail’ (3) (Figure 6). From the 
mechanical point of  view, the stem of  the blueberry plant is attached 
to the ground and the berry on the blueberry plant is attached to the 
plant’s stem. During harvesting, it is reasonable to be able to remove 
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the berries from the stem by mechanical means. During the mechanical 
harvesting process, the picking element applies force to the berry on 
the blueberry plant and pulls it from the stem which is attached to the 
ground. The berries shouldn’t be bruised or damaged during harvesting 
and, in order to avoid this and to be able to start modelling the blueberry 
harvester, the connection force needs to be known between the berry 
and the stem. Another important fact is that blueberries are harvested 
when fully ripe as there is no post-harvest ripening.
In order to determine the connection force Fc of  the blueberry, it is 
reasonable to use a test scheme with operational parameters that are 
similar to those of  the picking rake. A test unit (Figure 7a) was modelled 
to determine the connection force Fc between the berry on the blueberry 
plant and the stem. The test unit consists of  a method of  fastening 
the plant’s stem (1), a jaw (3) which is equipped with rigid teeth (2) for 
grabbing the berry, a gripper (4), a mechanism for changing the jaw’s 
position on the vertical plane (5), a force sensor (6) which is attached to 
the shaft of  the jaw, and a reader for recording data.
Figure 6. A blueberry plant with 
berries: 1) berries; 2) stems and the 
tails of  the berries; 3) tails.
36
Figure 7. Test unit to determine the connection force for one berry (a) and a batch of  
berries (b) (Paper II).
An Instron 5969L2610 tensile force tester was used to determine the 
force being applied to the berry. The technical specifications of  the test 
unit have been presented in Table 3.
Table 3. Technical specifications for the test unit
No Part Technical description Parameter 
1 Sensor Loadcell 1 kN Measuring range ±1 kN, accuracy ± 
0.25% of  the indicated force
2 Reader Instron 5969L2610
3 Gripper Material (AISI304) thickness 2.5 
mm, distance between teeth 2.6 mm
4 Jaw Face VEE JAW S16
The berries may be attached to the stem in the form of  bunches (Figure 
6). Such a position may affect the measuring results and separate tests 
were carried out in order to determine the connection force of  bunches 
of  berries (Figure 7b). 
Test description. Plants with berries on them were cut from a point 
near the ground in the plantation, placed into a sealed plastic bag to 
avoid drying, and brought into the laboratory within the space of  one 
hour. The plant’s stem was fastened to the gripper (1) (Fig 7a) and the 
berry or the bunch of  berries was or were placed between the jaw’s (2) 
a) b)
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teeth (3). An actuator was started which was mechanically attached to 
the jaw. As the jaw moved vertically upwards (with a speed of  5 mm 
min-1), the plant which was attached to the gripper started to extend, 
and the force between the berry and the plant’s stem started to increase 
until the berry was removed from the plant’s stem. The maximum tensile 
strength was used to determine the connection force Fc,max between the 
berry on the blueberry plant and the plant’s stem (Paper II). 
3.3. A determination of  the blueberry stem’s tensile strength
The physical content involved in determining the tensile strength. 
It is known from the general field of  mechanics (Chattopadhyay & 




As σ = Fs,max/C, ε = ΔL/L0 and C = πDs






Therefore, we must proceed from the relation (3) in determining the 
elastic modulus Es of  the blueberry plant’s stem. 
Experimental procedure. The measuring instrument used in this 
thesis in order to determine the tensile test of  the blueberry stem was 
the INSTRON 5969L2610 (Figure 8), with technical specifications that 
have been given in Table 4. The blueberry stems were collected and test 
bodies were prepared in order to obtain the required results. In order 
to determine the tensile strength of  the blueberry plant’s stems, the test 
units were placed between the grippers of  the measuring instrument 
(Figure 8); tensile tests were carried out and data was recorded.
Sample preparation. The blueberry stems could not be attached to the 
tensile machine’s grippers when the standard unit was being used. In 
order to avoid damaging the stems, additional softening was added or 
special grippers were used. 
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The means used in this study for attaching blueberry stems to the 
measuring instrument were wooden clamps with dimensions of  
6 × 15 × 36 mm and into which transversing holes with a diameter of  3 
mm were drilled (Paper III). The blueberry stems were placed into these 
holes and attached to the wooden clamps using two-component instant 
adhesive Loctite 3090. As wood is a material which has higher levels of  
elasticity, the attaching force for the gripper is better transferred to the 
clamp through the wood, thereby supporting the effect of  the adhesive 
and making wood a better material for clamping than rigid plastic would 
be. The blueberry stems, together with the clamps, form the test units 
(Figure 9). 
Figure 8. Measuring instrument: INSTRON 
5969L2610.
Figure 9. The blueberry plant’s stem test unit with clamps at the end of  the test.
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The measured data was processed with the software, BlueHill 3 (version 
3.15.1343), by Illinois Tool Works Inc. This was used to calculate the 
tensile stress σ, plastic deformation ε, and elastic modulus E.
3.4. The connection force between the plant’s stem and the 
ground
An original measuring system which was prepared by the author was 
used in determining the connection force between the plant’s stem and 
root (Figure 10a). The force necessary for pulling the plant’s stem off  
the root was generated by the rotational movement of  a threaded rod, 
as the moving threaded rod increased the distance between the plant 
and the attachment system. Vernier Dual-Range Force Sensors were 
used to determine the force, and LoggerPro software was used for data 
processing. The plant’s stem was attached via a special gripper (Figure 
10b) to the measuring system; a battery-powered drill was used as the 
power unit. 
 b) a) 
Figure 10. Test unit (a) to determine the connection force between the plant’s stem 
and the ground: 1) force sensor; 2) gripper; with (b) showing in close-up: 3) threaded 
rod; 4) data logger; and 5) power unit.
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3.5. Developing the blueberry harvester
The requirements that were set out for mechanically-driven blueberry 
harvesting are as follows:
1) Harvesting must be carried out on time, when the berries are 
fully ripe: the best time for harvesting is at the end of  July and 
the beginning of  August (Starast et al., 2009). As 90% of  berries 
become ripe at the same time, it is reasonable to expect to carry 
out a single picking process for all plants at once (Paper I);
2) The duration of  any harvesting should be as short as possible, 
around 15-20 days;
3) The blueberry harvester’s losses during harvesting may not exceed 
5%;
4) The berries may not include more than 15% of  impurities (leaves 
and other plant residues);
5) The share of  mechanically damaged (bruised) berries may not 
exceed 5%;
The general and individual functions of  blueberry harvesting machines 
are as follows (Olt & Arak, 2012):
1) The berries are removed from the stem without damaging the 
berries and blueberry’s stem;
2) Picked berries are directed onto a removal element which will 
transfer the berries away from the zone in which the berries are 
removed from the stem;
3) The berries are guided towards a replaceable collection box, 
container, or conveyor;
4) Due to moving on boggy soil, the requirements for any mobile 
machinery are as follows: the smooth movement of  the machinery 
must be ensured, along with low rolling and rotational resistance, 
good traction for the undercarriage along the ground, a low 
surface pressure for the undercarriage, a long service life for the 
undercarriage, a level of  simplicity in using the machine, easy 
maintenance and repair prospects, and machinery that can be used 
universally. 
“The principle layout of  the blueberry harvester has been presented 
in Fig 11. This is the so-called rough harvester, ie. the extra items 
which come through the blueberry harvester (such as leaves, pieces of  
stems, and peat, etc) and bruised berries are not separated from the 
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berry mixture. Therefore, the technological operations of  the blueberry 
harvester comprise the removal of  the berries, harmlessly, from the 
stems and collecting the berries into berry boxes or containers which 
are intended to be handled,” (Paper IV). 
Figure 11. Main assemblies and parts of  a motoblock-type harvester (Patent I): 1 – 
engine, 2 – berry box, 3 – chute, 4 – conveyor, 5 – picking reel, 6 – hook spring-tine, 
7 – copying unit, 8 – picking rake, 9 – rake tooth, 10 – wheels, 11 – transmission, 12 
– frame, 13 – steering levers.
3.5.1. Designing the blueberry harvester’s picking unit
According to the description of  the task in chapter 3.5, and also the 
patent search, it seems reasonable to design a picking machine with 
the picking reel as its functional working unit and a picking rake as the 
working element (Figure 12).
According to Figure 12, the working elements of  a picking reel (1) 
include the horizontal picking rakes (2), which contain axes that have 
been attached to side discs using articulated joints, and which hold rigidly 
attached rake teeth (3). To avoid damaging the plant, the rake teeth (3) 
on the picking rake were designed of  an elastic material (Patent I). A 
rake tooth (3) on the picking rake can be located in positions 3a or 3b. 
The berries are separated from the stems using the rake teeth (3), which 
are moved through the blueberry stems. In its initial position (3a) or its 
unloaded position, the rake tooth on the picking rake is straight and is 
held in the loaded position (3b), bent as depicted in Figure 12a. If  an 
elastic rake tooth (3) on the picking rake is stuck behind the plant’s stem, 
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or a plant stem which is positioned parallel to the picking rake is stuck 
between the tips of  the rake’s teeth, the rotation of  the picking reel (1) 
applies additional force on the rake teeth (3), and the rake tooth bends 
and takes up position 3b. The bending of  the rake teeth (3) releases the 
plant stems from between the tips of  the rake teeth. After releasing the 
plant stems, the rake tooth (3) returns to its initial shape (3a). Picking 
rakes (2) have been attached using the principle of  the parallelogram 
reel. The inclination angle γ of  the teeth can be adjusted.
a) b)
Figure 12. The blueberry harvester’s picking reel: a) the principal schematic (Patent I); 
and b) the prototype unit.
In order to determine the parameters of  the picking reel and teeth 
according to the required schematic (Figure 13), equations were prepared 
for the movement trajectories of  the tips of  the teeth (fixed (A) and free 
(B) tips), which are rigidly attached to the reel.
The coordinate system, Oxz (Fig 13), makes it possible to describe the 
movement trajectory of  the rake teeth tips, A and B, on the reel using 
the available equations (Olt & Käis, 2006; Heinloo, 2007; Paper IV), 
which are as follows for the fixed tip, A, of  a tooth which is attached to 
the reel:
𝑋𝑋��𝑡𝑡� = 𝑟𝑟� cos�𝜔𝜔𝑡𝑡 𝜔 𝜔𝜔��+ 𝑣𝑣�𝑡𝑡, (4)
𝑍𝑍��𝑡𝑡� = −𝑟𝑟� sin�𝜔𝜔𝑡𝑡 − 𝜔𝜔��. (5)
and the equation for the movement trajectory of  free tip B is:
𝑋𝑋��𝑡𝑡� = 𝑋𝑋��𝑡𝑡� − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿�𝛾𝛾�, (6)
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𝑖𝑖 = 0,1, . .𝑍𝑍 𝑍 1. (9)
The movement of  free tip B on the tooth can be divided into four parts 
in the coordinate system, Oxz (Figure 14):
Figure 13. Calculation scheme for 
compiling equations regarding the 
trajectory of  picking reel’s rakes 
and to determine the height of  the 
picking reel shaft from the ground: 
3 – picking reel, 12 – picking rake, 
13 – rake teeth, 15 – blueberry 
plant. (Paper IV).
Figure 14. A diagram which characterises the different stages of  work of  a picking 
tooth.
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1.  Penetration (the free tip, B, of  a tooth moves P1→P2), during which 
the tooth will move downwards, between the plants; the movement 
of  the tip of  the tooth can be described by the equations: 
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑋𝑋�(𝑑𝑑) < 0 (10)
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑍𝑍�(𝑑𝑑) > 0 (11)
2. Picking (the free tip, B, of  a tooth moves P2→P3), during which the 
berry on the blueberry plant berry is torn or pulled from the stem:
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑋𝑋�(𝑑𝑑) < 0, (12)
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑍𝑍�(𝑑𝑑) < 0. (13)
3. Release (the free tip, B, of  a tooth moves P3→P0), during which 




𝑑𝑑𝑑𝑑 𝑋𝑋�(𝑑𝑑) > 0, (14)
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑍𝑍�(𝑑𝑑) < 0. (15)
4. Reset (the free tip, B, of  a tooth moves P0→P1), during which the 
tooth will move to the initial point of  the working cycle:
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑋𝑋�(𝑑𝑑) > 0, (16)
𝑉𝑉� =
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑍𝑍�(𝑑𝑑) > 0 . (17)
When we differentiate the equation (6) according to time, and when 
we take into account the requirement (12) which is necessary for berry 
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picking then, following conversion, we can express the necessary relation 
for the picking reel’s rotational velocity mode or kinematic factor:
𝜆𝜆 > 1sin(𝜔𝜔𝜔𝜔). (18)
According to sources (Miu, 2016) it is reasonable to choose a kinematics 
factor of  λ for the picking reel, within the range of  λ = 2–2.5.
“The task of  the picking reel is to remove blueberries from the stems 
without any damage. In real working conditions, during the rotation of  
the picking reel 3, the movement direction of  the rake teeth tips has to 
be vertical, directed top-down, when the rake teeth tips of  the picking 
reel (point B) reach the top of  the blueberry plant; in this way the picking 
rake teeth can penetrate between the blueberry plants 15 (Fig. 13), that 
is, at the moment of  penetrating between the stems carrying berries the 
absolute speed vector of  the rake teeth tips (Fig. 13) has to be directed 
vertically top-down.” Paper IV. 
The absolute vertical speed v of  the free tip B of  a tooth on the picking 
reel can be determined by the relation:
𝑣𝑣 = �� 𝑑𝑑𝑑𝑑𝑑𝑑 𝑋𝑋𝐵𝐵�𝑑𝑑��
�




𝑣𝑣 = 𝑣𝑣��1 + 𝜆𝜆� − 2𝜆𝜆 sin�𝜔𝜔𝜔𝜔�. (20)
The angular speed ω of  the picking reel can be expressed as: 
𝜔𝜔 = 𝜆𝜆𝜆𝜆�𝑟𝑟� . (21)
The placement height H of  the picking reel’s rotational axis can be 
determined as follows:
𝐻𝐻 = ℎ� + 𝐿𝐿 cos 𝛾𝛾 + 𝑟𝑟� sin�𝜔𝜔𝜔𝜔�. (22)
When the value of  the kinematic parameter is chosen as  the following 
condition can be set to the tooth’s length L:
𝐿𝐿 𝐿 0.5ℎ�. (23)
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Figure 13 can be used to express the relation for finding the virtual 
radius rB:
𝑟𝑟�� =
𝑟𝑟�� sin��𝜔𝜔𝜔𝜔�+ 2𝑟𝑟�𝐿𝐿 sin�𝜔𝜔𝜔𝜔� cos�𝛾𝛾� + 𝐿𝐿�𝑐𝑐𝑐𝑐𝑐𝑐��𝛾𝛾�
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�(𝜇𝜇) , (24)
Taking into account the relations (22) and (23), we can find the relation 
for determining the radius rA of  the reel:
𝑟𝑟� ≤
𝐻𝐻 𝐻 𝐻𝐻 cos�𝛾𝛾� 𝐻 𝑑𝑑�
𝑐𝑐𝑐𝑐𝑐𝑐�(𝜂𝜂 ) , (25)
To be able to determine the picking depth of  the reel, the z-axis 
coordinates for points P1 and P2 as described in Figure 14 must 
expressed from the conditions P1z and P2z :
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑍𝑍�𝑑𝑑� = 0 (26)
and
𝑑𝑑
𝑑𝑑𝑑𝑑 𝑋𝑋�𝑑𝑑� = 0 . (27)
The picking reach Re on the picking reel can be found as follows:
𝑅𝑅𝑅𝑅 = 𝑃𝑃1� − 𝑃𝑃2� . (28)
The Mathcad 15 environment was used to model the movement of  
the tips of  the teeth of  a picking reel using equations (4)-(7) and the 
parameter values shown in Table 7, and to generate the movement 
trajectories of  the tips of  teeth (Figure 15).
Figure 15. Trajectories of  the fixed endpoints (1, 2, 3, and 4) and free endpoints (5, 6, 
7, 8) of  the teeth (Z = 4), the upper limit of  the working area (10), the lower limit of  
the working area (9), and the picking reach 11.
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3.5.2. An evaluation of  the suitability of  the picking reel’s 
parameters.
Suitability tests on the picking reel’s kinematics and structural parameters 
were carried out using the same methodology as for describing the 
parameters of  the work of  rotary tillers (Celik & Altikat, 2008; Celik et 
al., 2008; Belov, 2018).
Figure 16 depicts the movement trajectories of  the free tips of  teeth on 
two consecutive rakes. The picking depth or picking reach of  a blueberry 
harvester with a picking reel which is moving in the same direction as 
the harvester’s wheels can be described by a certain level of  unevenness. 
According to conditions (12) and (13), berries are picked from an area 
with a cross-section in the direction of  movement on the longitudinal 
vertical plane which is determined by the area of  the shape, S1235. The 
area which is left unharvested by the teeth of  two consecutive rakes is 
S345 (Figure 16), which characterises the unevenness of  the picking reel’s 
work.
Figure  16. A scheme describing the movement of  the free tips of  teeth on two 
consecutive picking rakes when Z = 4.
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The following relation can be used to determine the cross-sectional area 





When determining the cross-section of  area S345 which is left unharvested, 
it is reasonable to offer a simplification, viewing the area of  a shape 
which is determined by points 3-4-5 on Figure 16 as a triangle. In such a 




The height of  triangle 345 or the height h1 of  the unharvested area can 
be found as follows:
ℎ� = 𝑟𝑟� − 𝑟𝑟�𝑐𝑐𝑐𝑐𝑐𝑐 �
𝜋𝜋
𝑍𝑍�𝜆𝜆 − 1��. (31)






The areal productivity levels for blueberry harvesting W can usually (Olt 
et al., 2019) be calculated as the product of  the blueberry harvester’s 
working width Bm and actual working speed vk
𝑊𝑊 = 0.36𝐵𝐵�𝑣𝑣�𝜏𝜏𝜏𝜏.  (33)
The utilisation of  the unit’s width Θ ≤ 1 (usually Θ = 0.9-1.0), vk = vm(1 - δ) 
and sliding factor δ ≤ 1.
On the other hand, productivity can be expressed by the machine’s 
harvesting power q which is measured by the mass of  harvested berries 
kg h-1
𝑊𝑊 = 𝑞𝑞𝑞𝑞𝑄𝑄�(1 + 𝛿𝛿�). (34)
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Taking into account the relations (33) and (34), we can calculate the 
blueberry harvester’s picking power q as follows:
𝑞𝑞 = 0.36𝐵𝐵�𝑣𝑣�𝛩𝛩𝛩𝛩��1 + 𝛿𝛿��. (35)
3.6. Selecting the material for the reel’s teeth
Any description of  those forces that are applied in the blueberry 
harvester’s picking reel should be based on the coordinate system O1X1Z1 
(Figure 14), as related to the berry that is to be removed, where the 
origin O1 is located at the connection point between the berry and the 
stem, axis Z1 is parallel to the blueberry plant, and the positive direction 
of  the axis is directed towards the berry’s surface and mainly forms a 
right angle with the non-deformed tooth.
The following forces are applied to the connection point between the 
berry and the tooth (Figure 5).
In order to separate the berry from the stem, the force Fx which is applied 
to the connecting stem must be greater than the connection force Fc, max 
between the berry and the stem.
Figure 17. A diagram which characterises the work of  a picking tooth. 
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The tooth of  a picking reel is straight in the unstressed position (Figure 
17, position 1). Due to force Fc, the stressed tooth attains position 2, 
which forms a flexure in comparison to the straight tooth, as expressed 
by the angle of  inclination β. The angle of  inclination γ of  the blueberry 
harvester’s prototype can be changed within the range of  40°-70°.
The extent of  any bending is determined by the value of  connection 
force Fc.
The berry is removed from the stem when the inequality (1) and 
following condition (36) is fulfilled: 
β < γ, (36)
where γ is the angle between the non-deformed tooth and the vertical 
direction.
The calculation of  the force being applied to the tooth is based on the 
following assumptions:
1. The maximum yield of  the blueberry plantation: 17,000 kg ha-1, 
or 1.7 kg m-2 (Siliņa & Liepniece, 2020);
2. The mass of  an individual berry: 0.14-3.4 g (Soots et al., 2017), 
while the average mass of  the berry is 1.5 g. 
3. Therefore, about a thousand berries grow over one square metre.
4. The blueberry harvester’s prototype (Paper III) has teeth that are 
placed 21.5 mm apart, with a length of  125 mm. The maximum 
working area for one pair of  teeth is 0.27×10-3 m2. 
As arising from assumptions 1-4, there are three berries for one pair 
of  teeth during a working cycle (Figure 14, P1-P3). When we apply a 
reserve factor of  three, a pair of  teeth will pick about ten berries during 
one working cycle.
According to Paper II, the connection force of  berries that are ripe 
for harvesting was 0.17-0.83 N and 0.89-1.93 N for unripe berries. 
The numerical ratio between ripe and unripe berries during harvesting 
season is 80% and 20% respectively. Therefore, the maximum force to 
be applied to one pair of  teeth is 12 N.
The gravitational force that results from the tooth’s mass itself  is small 
(0.025 N for a tooth diameter of  4.3 mm and 0.038 N for a tooth diameter 
of  5.3 mm), and may be dismissed. Likewise, the gravitational force that 
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results from the berry’s mass may be dismissed as its maximum value is 
0.034 N.
Selecting the materials for the teeth. an engineering plastic Ertacetal 
C (Acetal Copolymer, POM-C) was chosen as the material for the flexible 
teeth as it is characterised by its great mechanical strength, its impact 
strength, and its ability to be treated by cutting (Olt & Arak, 2012).
Selecting the diameter of  the teeth. Two choices of  material were 
selected so that the test could be carried out, with a round cross-section 
of  the diameters of  4.3 mm and 5.3 mm.
The following tests were carried out when it came to selecting the 
diameter of  the materials being used on the picking reel teeth, D:
1) Determining the plastic deformation of  the teeth by systematically 
bending the material at various diameters (4.3 mm and 5.3 mm);
2) The resistance of  the teeth to breaking-in so-called semi-aggressive 
and aggressive bending modes.
3) Measuring the flexure of  teeth at various loads.
3.6.1. Describing teeth flexure in theoretical terms with the FEM 
method
To investigate the flexure of  the picking reel, we consider the tooth 
as being a cantilevered homogeneous beam (Fig 18). This beam is 
characterised by the modulus of  elasticity Em and the moment of  inertia 
I.
Figure 18. Cantilever 
beam subjected a 
concentrated load  
a) unloaded beam,  
b) loaded beam.
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The finite element method, FEM, has been used to study tooth flexure 
(Logan, 2007). The picking reel’s tooth (Fig 18) is rigidly attached at 
point 1 (Fig 18), and is loaded at point 2 by force F. The beam is now 
modelled using two elements, I and II, with nodes 1, 2, and 3 (Paper VI).
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�. (38)
The total stiffness matrix K is the result of  assembling K1 and K2.
𝐾𝐾 = 𝐾𝐾� + 𝐾𝐾� (39)
Through direct super-positions and considering (37) and (38) the 





























Solving the equation (40) by boundary conditions and task settings 
for cantilever beam subjected a concentrated load (Paper VI), the 










Equations (41) and (42) can be used to evaluate the flexure of  loaded 
teeth of  various dimensions, and to check the validity of  condition (36) 
for the selection of  the tooth’s material.
3.6.2. Tests for studying teeth flexure 
Tests were carried out with tooth materials of  two different diameters: 
D1 = 4.3 mm and D2 = 5.3 mm. Tooth (1) was connected to the stand 
(2) as a cantilever (Figure 19, a). The tooth was stressed with plastic 
weights (3) which were connected to a point that was 20 mm from the 
free end. The loads were connected to the tooth (1) using a hinge (4) 
which ensures that the applied force is vertical. The room temperature 
was 22°C and relative humidity was at 26% during the tests (the value of  
the material’s Em was determined under the temperature and humidity 
conditions of  23°C and 50%).
b)a)
Figure 19. Test stand for measuring the tooth’s flexure (a) and a digital model of  the 
tooth’s flexure (b): three weights (position 5), six weights (position 6), nine weights 
(position 7), and twelve weights (position 8), where one is the deflection of  the 
cantilever beam and L is the distance between the cantilever attachment point and the 
weight attachment.
The flexures of  the tooth (1) under various loads were scanned using the 
portative laser scanner, a Nikon MCAx20/MMD50. After scanning, the 
resultant data was processed, a digital model was prepared, and flexure 
measurements were carried out using the software package, ANSYS 
SpaceClaim 2017.
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3.6.3. Methods for determining the durability of  the picking rake
In order to determine the durability of  the picking rake’s teeth, a durability 
test was organised to determine the levels of  shatterproofing and plastic 
deformation using the multi-bending of  teeth. A universal lathe, the 
1K62, was used to artificially generate multi-bending (Olt & Arak, 2012). 
The laboratory test equipment included a fragment of  a picking rake 
(Figure 20a) to which two teeth with diameters of  4.3 mm and 5.3 mm 
were fastened (ie. a comparative test was organised) to be able to supply 
a better overview. A fragment of  picking rake was attached to the lathe’s 
jaws (Figure 20b). A roller with the option of  being able to rotate was 
fastened to the blade holder’s support in order to generate an artificial 
obstacle to imitate rake teeth moving through the blueberry plants and 
the influence of  the plants on the rake’s teeth. The distance between the 
roller and the axis of  rotation of  the picking rake’s fragment was smaller 
than the length of  the rake teeth. During the rotational process, the rake 
tooth bends as it passes the obstacle.
b)a)
Figure 20. Experimental apparatus: a) a fragment of  a picking rake to which rake teeth 
of  4mm and 5mm were attached; b) a fragment of  a picking rake placed between the 
jaws of  the lathe and roller fastened to the rest (Olt & Arak, 2012).
The rotational speed of  the spindle imitated the picking reel’s working 
mode on the assumption that the spindle’s rotational speed ns is greater 
than the rotational speed of  the picking reel nb, or ns > nb. The rotational 
speed of  the lathe was chosen based on the kinematics parameter λ of  
the blueberry harvester’s picking reel, whereby:
𝜆𝜆 = 𝜔𝜔𝜔𝜔�2𝑣𝑣�  ,
(43)
where Dp = 2 rA.
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As the picking reel’s λ = 2.5, and the picking reel’s angular velocity ω 






If  vm = 33 m min
-1 and Dp = 0.33 m, then nb = 79.6 min
-1. Taking into 
account the condition ns > nb, the rotational speed of  the lathe 1K62’s 
spindle was chosen to be ns = 100 min
-1. 
The first stage of  the durability test was used to determine the extent 
of  plastic deformation for various diameters (4.3 mm and 5.3 mm) after 
repetitive bending cycles. The extent of  plastic deformation can be 




Equation (45) can be used to check the condition of  the material selected 
for the teeth (36) during the stress tests.
The rotating obstacle was placed 119 mm from the fastening clamp on 
the rake’s tooth, ie. the distance from the rake tooth’s free end to the 
central line of  the obstacle or the contact point was 6 mm (Figure 20b). 
The diameter of  the obstacle roller was 12 mm.
During the second test, the obstacle roller was moved 12 mm from the 
tip of  the rake’s teeth, which can be referred to as the semi-aggressive 
bending mode within the context of  this thesis. During the third test, 
the obstacle roller was moved to a distance of  26 mm from the tip of  
the rake’s teeth. This was done to imitate what could be referred to as 
the more aggressive working cycle’s bending mode.
3.7. Collecting the information required for the automation of  
cultivation operations
The cultivation of  berries, including blueberries, can be made even 
more effective when precision cultivation methods are used and its 
technological operations are automated and robotised. The introduction 
of  precision cultivation includes increasing numbers of  unmanned 
platforms (Dubbini et al., 2017; From et al., 2018; Grimstad & From, 
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2018) and agricultural robots (Hayashi et al., 2010, 2014; Yamamoto et 
al., 2010, 2014) for the performance of  various technological operations.
Robotisation can be carried out if  at least one of  the following six 
conditions have been fulfilled (Bechar & Vigneault, 2016):
1) if  the use of  robots is economically more feasible than any other 
alternative method;
2) increased productivity and/or profitability in specific market 
conditions;
3) improved quality of  production;
4) reduced uncertainty in the case of  changing production conditions;
5) optimising production;
6) it allows production operations and/or activities to be carried out 
which are dangerous or which cannot be carried out manually at 
the required level.
Within the context of  robotisation, the following claims can be made 
according to sources and information that has been obtained from the 
owners of  blueberry plantations: robotisation is economically profitable 
in the long run (Bechar & Vigneault, 2017); the concept of  using ‘small’ 
modular robots makes it possible to increase productivity and reduce the 
energy consumed per unit (Toledo et al., 2014); the implementation of  
robotisation increases the quality of  fresh production (Bechar & Vigneault, 
2016); the implementation of  robotisation makes possible the mitigation 
of  labour shortages in Estonian rural areas, and agricultural companies 
and technological operations can be carried out at agriculturally correct 
times (only limited by suitable weather conditions) (Estonian Organic 
…, 2014); the implementation of  precision agriculture makes possible 
mitigating environmental effects (Bechar & Vigneault, 2017; Paper V).
Therefore, it can be claimed that the majority of  assumptions for the 
successful implementation of  robotisation have been fulfilled.
In order to carry out automated operations in a blueberry plantation, 
first a blueberry plantation which has been established on a milled peat 
field needs to be described (including the positions of  the plants and 
their dimensions).
Studies were carried out in June 2018 at Toomas Jaadla’s Marjasoo Farm 
blueberry plantation, in Rannu Municipality in Tartu County (Estonia) 
(Fig 21).
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Figure 21. A top view of  the Marjasoo farm’s blueberry plantation (photo: A Arula, 
Droon Phantom Advanced).
In order to determine the position of  plants (1) (Figure 22) in each row, 
a straight length of  rope (2) was placed a distance of  400 mm from the 
first and last plant in the row (to the side, next to the technical road), and 
a measuring tape was used to measure the parameters which describe the 
position of  plants with an accuracy of  5 mm.
a) b)
Figure 22. Scheme to determine the parameters of  a blueberry plant row, showing 
the parameters of  the plant row (A) and the geometrical parameters of  the plant (B): 
1) plants; 2) base rope; a) the distance of  a plant from the base (measuring) rope; b) 
the length of  the plant’s edge that is perpendicular to the measuring line to show the 
blueberry bush’s projection; c) the length of  the edge that is parallel to the measuring 
line to show the blueberry bush’s projection; d) the distance between the plants. 
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3.8. Determining the vernalisation period
The duration of  the vernalisation period is the sum of  those positive 
temperature hours which are lower than 7.0°C (Sterne & Liepniece, 
2010; Retamales and Hancock, 2018), or 7.2°C (Cantuarias-Avilés et al., 
2014) between September and December.
This thesis treats the duration of  the vernalisation period as the total of  
those positive temperature hours which are lower than 7.0°C.
The Estonian Weather Service has a network of  observation stations 
which consists of  a total of  96 weather stations (incorporating 57 
hydrometry stations, 23 coastal stations, fifteen meteorology stations 
and one swamp station). The duration of  the vernalisation period was 
calculated using data from a total of  52 weather stations (the choice of  
weather stations was based on as uniform a spread as possible across 
Estonia). Measurement data for temperatures was acquired from the 




4.1. The relationships between various elements of  a blueberry 
harvesting system
The elements of  a system which is involved in the automated harvesting 
of  blueberries include the blueberry plant itself  - or, more precisely, its 
berries or the yield and stem which supports the berries - the general 
blueberry plantation, and the working equipment which together forms 
the overall blueberry cultivation system and subsystems. When the values 
for relationships between the elements are indeed known, it is possible 
to design a form of  harvesting technology which avoids damaging the 
plant and berries during the process of  harvesting.
Various relationships between the elements of  the harvesting process 
have been described in Table 4.























































The main characteristics of  a system’s elements in the harvesting process 
are described in Table 5.
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Table 5. The main characteristics of  a system’s elements in the harvesting process
Element
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4.2. A determination of  the mechanical parameters of  a 
cultivation system
4.2.1. A determination of  the connection force of  the berry on a 
blueberry plant
Test work was carried out on 3 August 2015, 10 August 2015, and 3 
August 2016, all of  which served to determine the connection force 
both for ripe and unripe berries and bunches of  berries to the stem of  
the blueberry plant (Table 6). 
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Table 6. The average (FC,aver), minimum (FC,min) and maximum (FC,max) connection force 
for ripe and unripe berries, the number of  tests N, and the berry diameter Db
unripe berries ripe berries
date 03.08.15 10.08.15 03.08.16 03.08.15 10.08.15 03.08.16
N 5 6 10 7 6 7
Db, mm 7.6-9.4 8.0-10.8 6.5-9.1 6.9-10.9 9.8-13.1 11.1-13.2
FC,min, N 1.57 1.91 1.93 0.59 0.99 0.83
FC,aver, N 1.42 1.45 1.15 0.41 0.51 0.66
FC,max, N 1.27 1.00 0.89 0.17 0.29 0.53
The test results indicate that the tensile strength or connection force of  
individual unripe berries was within the range of  0.89-1.93 N. The test 
results showed that there is a positive correlation with average strength 
where the value of  the correlation coefficient r is 0.63 (Paper II). 
The tensile strength or connection force of  ripe berries was within the 
range of  0.17-0.99 N, and a mean value of  0.53 N. The tests showed 
that there is a positive correlation with an average strength (r = 0.52) 
between the connection force and the berry diameter of  unripe berries 
(Paper II). 
The dependence of  the connection force on the tension being applied 
to the ripe berry has been described in Figure 23.
Figure 23. The connection force of  ripe berries.
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The force being applied to those berries which were attached to the 
stem in the form of  bunches was within the range of  1-8.5 N. All of  the 
berries were able to be separated individually from the stem and 90% of  
the berries were separated without tails (Paper II).
4.2.2. A determination of  the tensile strength of  the blueberry 
stem
The measured results were processed with the software, BlueHill 3 
(version 3.15.1343), by Illinois Tool Works Inc. This was used to calculate 
the tensile stress σ [MPa], plastic deformation ε [%], and elastic modulus 
Es [MPa]. The change of  tensile force by the change of  the length of  
the stem of  a blueberry plant during the tensile test has been presented 
in Figure 20.
The test results showed that the elastic moduli Es of  the blueberry plant’s 
stem remained within the range of  940-1605 MPa, but the average values 
for the elastic moduli E of  three different test series differed only by 
2.3% and remained within the range of  1268-1297 MPa (Paper III).
Figure 24. The relation between tensile stress and plastic deformation, with points 
indicating yield point and figures indicating specimen number (Paper III).
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The correlation coefficient between Es and Db is -0.144, which expresses 
a weak correlation and, therefore, the use of  stems of  different diameters 
has no effect on the reliability of  determining the value of  Es. The 
dependency of  tensile force on any change in the length of  the stem of  
the blueberry plant has been described in Figure 24, and this remains 
within the range of  100-200 N.
The properties of  the blueberry plant’s stem are probably influenced by 
its age. However, these tests did not take into account the effect of  age, 
and such relations require further study.
4.2.3. A determination of  the connection force of  the blueberry 
stem
The measurements which were carried out on the Marjasoo farm’s 
blueberry plantation on 22 August 2014, according to the methods that 
have been described in Chapter 3.4, showed that the force needed to 
pull the plant out of  the ground according to this measuring method 
depends upon the duration at which the force is applied as described in 
Figure 25.
The plant’s stem is torn out of  the ground at the maximum value of  the 
force described in the graph. The force as it is determined in this fashion 
describes the connection force of  the plant to the ground.
Figure 25. The determination of  force required to pull the plant out of  the ground 
in field tests.
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Tests which were carried out in a six year-old plantation showed that the 
mean value of  Fa is 96.4 N and, with 95% confidence, the mean value of  
the connection force remains within the range of  CI (Fa) = (66.9;126.9) 
N.
4.3. A determination of  the structural and kinematic parameters 
of  the picking reel
The main structural and kinematic parameters of  the picking reel on 
a lowbush blueberry harvester have been summarised in Table 7. In 
order to set up the blueberry harvester’s picking reel even better, certain 
parameters on the prototype can be changed within a certain range, 
which is also given in Table 7.






Radius of  the picking reel rA mm 165
Length of  the picking rake 
teeth
lp mm 135
Rake angle of  the picking 
rake teeth
γ degree 30 40-70
Height of  the axis rotation H mm 330 300-370
Number of  picking rakes Z 4
Angular speed of  the picking 
reel
ω rad s-1 8.33
Kinematic parameter λ 2.5
The inclination angle γ between the working surface of  the rake’s 
teeth and the vertical axis (Figures 13 and 17) can be determined by 
the condition under which, after removing the berry from the stem, 
the teeth of  the rake should be able to transfer that berry to the next 
working unit, the tilted conveyor (Figure 11). Table 8 presents the results 
which describe the dependency of  the picking range on the inclination 
angle γ of  the teeth.
65
Table 8. The dependency of  the picking range on the inclination angle γ of  the teeth
γ, deg Max, m Min, m G, m
30 -0.183 -0.282 0.099
45 -0.161 -0.260 0.099
60 -0.134 -0.233 0.099
70 -0.112 -0.211 0.099
The results from Table 8 show that the picking range of  the prototype 
is around 100 mm, and that figure does not depend upon the inclination 
angle γ of  the teeth. At the same time, choosing different values for the 
inclination angle γ on the teeth makes it possible to take into account 
the average height of  specific blueberry varieties in plantations. Again at 
the same time, this range is sufficient as the majority of  the berries are 
located at this height. The calculated unevenness of  harvesting due to 
different structural parameters in the picking reel alters for the various 
values of  Z or the number of  picking rakes (Table 9).
Table 9. The dependency of  uneven harvesting ΔRe on the number of  picking rakes 
and the kinematic parameter
                Z
λ 4 5 6
2 18.1 14.7 12.4
2.5 10.3 8.3 6.9
3 7.1 5.7 4.7
The information which is presented in Table 9 shows that any increase in 
the number of  picking rakes Z and the kinematic parameter λ can reduce 
harvesting unevenness. However, increasing the number of  picking 
rakes results in a more complex structure in the reel, with the result 
that the harvester requires more material while its mass increases and 
its controllability reduces. According to the equation (21), the kinematic 
parameters can be increased by reducing the harvester’s movement speed 
(and thereby reducing the harvester’s productivity levels), increasing the 
radius of  the reel (and thereby increasing the reel’s mass and reducing 
its controllability), and increasing the rotational speed (and thereby 
increasing the danger of  damaging the plants and the berries, while also 
reducing controllability).
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Figures 15 and 16 show that the area which the picking reel does not 
harvest is located near the ground and has the shape of  a wave with 
a height of  between 20-50 mm. This is an area in which practically no 
berries can be found anyway, so the somewhat reduced picking range 
and an unevenness of  about 10% cannot be considered a structural flaw 
in the picking reel.
4.4. Selecting the materials for the blueberry harvester’s teeth on 
a picking rake
The stressing of  teeth using various weights (3 N, 6 N, 9 N, and 12 
N) was intended to simulate the work of  a tooth passing through the 
blueberry plant and removing berries from the stem.
The theoretical flexures βt and measured flexures βm for materials 
of  various diameters have been given in Figure 26, where βm. is the 
arithmetic means of  the three series of  measurements. The calculations 
were carried out in the Mathcad 15.0 environment. 
For theoretical calculations, the value of  Em was selected to be 3000 MPa 
(Mitsubishi, 2020). 
Figure 26. Calculated and measured (with standard deviation) flexure (in degree) of  a 


















5.3 mm, theoretical 5.3 mm, measured
4.3 mm, theoretical 4.3 mm, measured
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Theoretical calculations (Eq 45 and 46) and test results (Fig 26) showed 
that the following results: 
1) at maximum load (12 N), the flexure of  the 5.3 mm diameter 
tooth test piece was at 35°;
2) the differences between the theoretical and test results for 
materials with diameters of  4.3 mm and 5.3 mm are 10.1% and 
5.1% respectively.
The results show that both materials with both diameters are suitable as 
the materials for a picking reel’s teeth as they both fulfil the condition 
that was stipulated by equation (12) under maximum load.
4.5. The results of  the picking reel’s durability test
The aim of  the test work was to determine the plastic deformation of  
teeth of  various diameters after multiple bending cycles. The plastic 
deformation of  rake teeth was measured for 4.3 mm and 5.3 mm rake 
teeth after a total of  6,600, 10,000, 15,000, 20,000, and 23,300 bending 
cycles. The test results have been given in Figure 27. It became evident 
that plastic deformations start earlier for the thicker material, ie. the 
material with a diameter of  5.3 mm, and they become significantly 
greater than in the case of  materials using the 4.3 mm diameter (Olt & 
Arak, 2012).
Figure 27. The permanent set of  the teeth depending upon the number of  bending 
tests.
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During the next test work - what is known as the semi-aggressive bending 
mode - the 5.3 mm rake tooth sustained an average of  770 ± 34 bending 
cycles, while the rake tooth with a diameter of  4.3 mm sustained 1,330 
± 39 bending cycles.
During further testing - what is known as the aggressive bending mode 
- the 5.3 mm rake tooth broke on average during the fortieth bending 
cycle, while the 4.3 mm rake tooth broke on average during the fifty-
second bending cycle. The outcome from the results that were obtained 
during the laboratory durability tests showed that the materials which 
should be selected for the picking reel’s rake tooth was POM-C, with a 
diameter of  4.3 mm (Olt & Arak, 2012).
In order to check the results of  the laboratory tests, a field test was 
organised to check the durability of  the rake teeth on the blueberry 
harvester in terms of  plastic deformation under actual working 
conditions. The blueberry harvester was put to work in the blueberry 
plantation on Marjasoo Farm. The area of  test field that had been 
prepared for machine harvesting amounted to 0.416 ha from which the 
blueberries were to be harvested. None of  the rake teeth broke during 
the test work, but the elastic after-effect on the rake tooth materials, 
POM-C, did become evident. The number of  rotations that were made 
during the test work amounted to 19,104 rotations, and the average angle 
of  deflection from the longitudinal axis was 1.2 ± 0.1 mm or 0.6°. This 
result reveals that bends with various levels of  aggressiveness may occur 
during the harvesting process. Nonetheless, the elastic rake teeth do not 
tear the plant’s stems and do not tear the plants from the ground. This 
blueberry harvester with its elastic rake teeth is protected by patent EE 
05488 B1 (Patent I). 
Based on the results of  all three tests – the flexure, durability, and 
residual deformation tests – it is expedient to choose Ertacetal C with a 
diameter of  4.3 mm as the ideal material for the picking reel’s teeth, as 
this diameter is more suitable for the design at hand than is the larger 
diameter (5.3 mm).
4.6. The positioning of  blueberry plants in the plantation
The measurements were carried out on 11 June 2018 in the two-year-
old blueberry plantation (a mixt of  several varieties) at Marjasoo Farm 
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(Figure 21), and the plantation can be described in the following way 
according to randomly-chosen plant rows (Paper V):
1) The total length of  the row of  blueberry plants was 177 ± 5 m;
2) The distance between plant rows was 2.7 ± 0.5 m; 
3) A technical road of  1.5 ± 0.4 m was located between the plant 
rows; 
4) The number of  plants in the row is 130 ± 15, out of  which 10-15 
plants that have dried and 2-5 planting holes hold two plants each 
or together.
It became evident during the positioning of  the blueberry plants in a 
row that plants were positioned on both sides of  the central axis and 
























Distance from the beginning of the row, mm
Figure 28. The position of  blueberry plants in a row.
The plants are located 1372 ± 166 mm from one another on average, 
with the minimum and maximum distances between the plants being 
915 mm and 1800 mm respectively.
In order to describe the source task for the robot, it is necessary to know 
the dimensions of  the projection of  the blueberry plant’s leafage. If  the 
shape of  the projection of  the plant’s leafage is treated as a rectangle, 
then it can be claimed on the basis of  this thesis that the perpendicular 
(b) and longitudinal (c) length of  the leafage projection varies in a rather 
wide range between b = 50-480mm and c = 40-440 mm, and the average 
lengths of  sides, including the standard deviation, are 180 ± 84 mm and 
189 ± 87 mm. 
In order to determine the clearance for robots, the height hs of  a 
blueberry bush must be known. Measurements gave an average result of  
219.7 ± 57.9 mm, and the results of  the height measuring process have 
been illustrated in Figure 29.
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Figure 29. Histogram showing the upper limits of  the height of  blueberry plants. 
The description of  the blueberry plantation which has been obtained 
as the result of  this study (involving the positions of  the plants, their 
leafage projection, and the height of  the plants) is used to carry out 
further research and development work in terms of  the automation and 
mechanisation of  blueberry plantations.
4.7. Determining the length of  the vernalisation period in 
Estonia
The lengths of  vernalisation periods which have been calculated using 
data from a total of  52 weather stations of  the Estonian Weather Service 
(between 2016-2019) have been presented in Figure 30 (calculations 















Height of blueberry plants, mm
Figure 30. Vernalisation period in Estonia between 2016-2019 in data taken from 52 
weather stations (raw data by the Estonian Environment Agency).
The minimum and maximum values for the observation period in 
Estonia remain within the range of  932-1,600 hours and have been 
presented in Table 11.
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The mean value for those years which have been studied when it comes 
to sub-optimal temperature periods amounts to 1,291 hours. With 95% 
confidence, the mean value for these sub-optimal temperature periods 
remains within the range of  CI (Ch) = (1,267; 1,316) hours. 
The long-term average daily temperature is measured during a climatic 
autumn (in which the average daily temperature falls below +13°C). 
The starting point for climatic autumn during the observation period 
(between 2016-2019) and the average daily temperatures in Estonia have 
been presented in Table 12.
Table 12. Starting point for a climatic autumn and average daily temperatures in 
Estonia during the years 2016-2019 (Estonian Weather Service, 2021)










2016 13.09 13.-14.09 02.10 6.1
2017 6.09 2.-15.09 27.-28.09 7.3
2018 23.09 23.09 23.09 8.5
2019 12.-16.09 12.-16.09 12.-16.09 7.7
The available data (shown in Tables 11, 12 and Figure 31) reveal the 
fact that, even during years which experienced a considerably warmer 
autumn period (such as 2018, when the observation period’s average was 
2.0°C higher than the climatic norm), the duration of  the vernalisation 
period remains greater than 1,000 hours across the majority of  Estonia. 
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Figure 31. The duration of  the vernalisation period in Estonia during the years 2016-
2019.
The locations of  weather stations have been given in Figure 32 (the 
choice of  measuring stations took into account the availability of  
temperature data and uniform positioning across Estonia).
Figure 32. Locations of  the weather station of  the Estonian Weather Service. The 52 
measuring stations being used in the calculation of  the duration of  the vernalisation 
period have been marked by numbers (numbering is based on the alphabetic order of  
stations).
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The analysis of  the durations of  the vernalisation periods during the 
years 2016-2019 reveals that climatic conditions were suitable for 
establishing lowbush blueberry plantations and for growing blueberries 
in Estonia. 
4.8. Technical solutions regarding blueberry cultivation 
technology
The circular scheme regarding the technological operations that are 
involved in blueberry production has been presented in Figure 33 (Olt & 
Arak, 2012), to which have been added the technical and technological 
equipment and means and machines that have been developed (Paper I; 
Patent I, Patent II).
Figure 33. The technological steps with already-developed equipment which has been 
involved in blueberry production.
The novel solutions which have been developed within this doctoral 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ground speed ms-1 0.30-0.78 
(0.55)
Working width m 0.8
Calculated picking power kg h-1 450*
Container dimensions mm 600×400×90
Range for picking (height of  the blueberry 
plant)
m 0.1-0.3
Rake angle on the picking rake’s teeth deg 30-70
Harvesting loss % <5
Impurity concentration % <8
Ratio of  damaged berries % <4
Power unit Honda GX160
Engine power kW 4.0
Wheels size 5.00-9
Weight kg 172
Picking teeth material ERTACETAL 
C (POM-C)
Picking teeth diameter mm 4.3
Picking teeth length mm 135
Picking reel diameter mm 165
*According to different works (Käis & Olt 2010; Jim, 2012), the productivity 
of  harvesting manually depends upon the worker and their experience, and may 
remain within the range of  5-7 kg h-1. Therefore, the theoretical picking power of  




Due to a lack of  mechanisation and specific technology, blueberry 
cultivation on milled peat fields is not particularly common, while also 
not being very profitable (both in Estonia and in the rest of  the world).
The aim of  this doctoral thesis was to develop the technology to permit 
automated harvesting for lowbush blueberries which have been grown 
in milled peat fields in order to reduce manual production requirements.
The following tasks were resolved so that the overall aim could be 
achieved:
1) the relationship between the various elements which are involved 
in blueberry cultivation (berry-plant-field-machine), all of  which 
have been described;
2) the mechanical parameters of  the cultivation system (berry and 
stem) have also been described;
3) a novel picking element was designed for the blueberry harvester;
4) the duration of  the vernalisation period in Estonia was determined;
5) technical solutions were created so that automated technological 
operations could be successfully carried out (blueberry harvester, 
portable precision fertiliser spreader, portable precision fertiliser 
spreader, berry sorter).
The studies that have been carried out and the solutions which have been 
developed could help in and become a prerequisite for the development 
of  new equipment which will serve to foster the establishment of  new 
blueberry plantations, first and foremost on milled peat fields, but also 
in terms of  increasing profitability levels and reducing the ecological 
footprint in already-established blueberry plantations. 
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KOKKUVÕTE
Kultuurmustikate kasvupind ja kogutoodang on maailmas 
viimaste aastatega oluliselt suurenenud. ÜRO Toidu- ja 
Põllumajandusorganisatsiooni andmetel kasvatati 2018. aastal 
kultuurmustikaid 113,000 hektaril ja kogutoodang ulatus 666,000 
tonnini. Eestis on mustikate hinnanguline kasvupind kuni 80 hektarit.
Mustikakasvatus Eestis ei ole praegu eriti tulus, kuna mustikaistandused 
on väikesed ja töö põhineb suurel määral käsitsitööl. 
Mustikaviljeluse arengu aluseks on tootmise mehhaniseerimine ja 
automatiseerimine. See seisneb ühelt poolt sobiva tootlikkusega 
masinate ja tehniliste vahendite arendamises ja ning teiselt poolt masinate 
kasutuskulude vähenemises. 
Käesoleva doktoritöö eesmärgiks oli ammendunud freesturbaväljadel 
kasvatatava ahtalehise kultuurmustika masinviljelustehnoloogia 
väljatöötamine käsitööndusliku tootmise vähendamiseks. 
Püstitatud eesmärgi täitmiseks lahendati järgmised ülesanded:
1) kirjeldati mustikaviljelussüsteemi erinevate elementide (mari-taim-
põld-masin) vahelisi seoseid;
2) määrati viljelussüsteemi elementide (mari, vars) mehaanikalised 
parameetrid;
3) kavandati mustikakombaini uudse lahendusega korjeorgan;
4) määrati vernalisatsiooniperioodi pikkus Eestis;
5) loodi tehnilised lahenused tehnoloogiliste masinaliste 
tööoperatsioonide läbiviimiseks.
Teostatud uuringud ja välja töötatud lahendused võiksid olla abiks ja 
eelduseks uute tehnoloogiliste seadmete loomisel, mis aitavad kaasa uute 
mustikaistanduste loomisele eelkõige ammendunud freesturbaväljadele 
ning kasumlikkuse suurendamiseks ja ökoloogilise jalajälje vähendamiseks 
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This article provides an overview of the technological peculiarities of a blueberry 
plantation established on exhausted and abandoned milled peat fields and the development 
of relevant machine cultivation technology and technological devices. The soil properties of 
exhausted and abandoned milled peat fields are specific to establishing blueberry planta-
tions. This article outlines the problems that need to be resolved, tasks, generated technical 
ideas and methods of fulfilling these. In the framework of product development the follow-
ing technological devices have been developed: a portable spot-fertilizing device; a portable 
contact-type weed control device; a motoblock-type blueberry harvester; and a blueberry 
sorting device. It also discusses the peculiarities of implementing these devices. 
Low-bush blueberry, mechanical cultivation technology, engineering design and de-




Growing commercial blueberries is a developing arm of the global berry-
growing industry (Strik, 2005). In most countries commercial blueberries are con-
sumed freshly as delicious berries. They boost health and provide essential nutri-
ents needed by the human body. Blueberry cultivation is rather new in Estonian 
conditions, yet it is a continuously widening and developing plant growing indus-
try. Thereby the biggest blueberry plantations in Estonia have been established on 
exhausted milled peat fields. Unfortunately, development of this field of activity is 
limited as there is no machine cultivation technology available for this. The ma-
chines currently used in blueberry cultivation cannot be used on abandoned milled 
peat fields. One of the reasons is that the machines are meant for harvesting high-
bush blueberry species and are thus big, sturdy and heavy and cannot be used on 




In Estonia, commercial blueberries can be grown on exhausted and aban-
doned milled peat fields, where the layer of residual turf is sufficiently thick. Blue-
berries are not demanding plants and prefer acidic soils, the optimal pH level is 
between 4.5 and 5.5 (Hall et al., 1964; Holmes, 1960; Starast et al., 2009). The area 
of exhausted and abandoned milled peat fields in Estonia is approximately 8000 ha, 
of which over 2000 ha is suitable for blueberry cultivation (Ilomets, 1996; Paal et 
al., 1998). 73 ha is already in use, but this represents an insignificant proportion of 
production capacity. 
At present, blueberry cultivation on exhausted and abandoned milled peat 
fields is done manually in Estonia. This has been the major obstacle in the devel-
opment of blueberry plantations on exhausted and abandoned milled peat fields. 
Blueberry cultivation consists of the following work phases: soil preparation; 
planting; plant fertilization; plantation maintenance; weed control; plant protection; 
and crop harvesting, which is followed by post-harvesting processing of the crop. 
The lifetime of a blueberry plantation is approximately 30-40 years. 
The wider objective of this study is to assist in developing mechanical culti-
vation technology for low-bush blueberries on exhausted and abandoned milled 
peat fields in Estonia. Although the aim is to offer advanced solutions for a new 
and economically efficient arm of berry cultivation, it also has a significant posi-
tive impact on the environment. Because of turf production there are thousands of 
hectares of abandoned milled peat fields in Estonia. On bare and plant-free milled 
peat fields turf is constantly mineralising, in the process of which carbon dioxide is 
emitted. As there is no vegetation locally, huge quantities of CO2 are intensively 
emitted directly into the atmosphere. Thus it is considered very important to find 
solutions to introduce new vegetation to exhausted milled turf areas. Establishing a 
low-bush blueberry plantation on abandoned turf areas would help significantly in 
restoring balanced carbon circulation in exhausted peat fields. Developing special 
machine technology for blueberry cultivation that have significantly reduced pro-
duction costs would facilitate even wider use of peat fields. Technological solu-
tions developed could also be implemented more widely. Also, other countries 
leading in turf production are facing a need to solve similar environmental prob-
lems. Like Estonia, blueberry cultivation with the aim of reducing environmental 
risks has started in Finland, Latvia, Lithuania, Belarus, Canada and elsewhere. 
In a narrower meaning this article focuses on mechanical or machine-based 
blueberry harvesting and maintenance during growth, since these are major cost 
sources of crop-giving plantations – manual work is not economically profitable 
and there is insufficient labour for manual harvesting. 
Description of  technology 
 
Plantation preparation includes minimal cultivation work, which in any 
production strategy involves the cleaning of draining ditches, the excavation of 
water furrows, the removal of stubs from the surface layer and shaping of the soil. 
For soil preparation, machines and technological solutions well known in soil im-




Plants are planted in a row with a plant step of 0.9-1.0 m and a distance be-
tween rows of 0.9-1.0 m. The plants are planted manually or with the help of a 
planting machine. 
Fertilizing a blueberry plantation. The fertilizer level of an abandoned 
milled peat field is close to zero. Broadcast fertilization of a blueberry field with a 
centrifugal-type disc spreader is not feasible, since it would also encourage weed 
growth on the field. Nevertheless, the plants must be fertilized. According to the 
data of Noormets et. al. (2002) and Paal et al. (2011) the fertilization of young low-
bush blueberry plants resulted in a crop yield of 2190-2930 kg ha-1, whereas the 
crop yield of unfertilized plants was just 173 kg ha-1. These data speak for them-
selves. Use of a compound fertilizer (N19, P24 or K48) resulted in bigger berries 
and higher crop yield. 
Blueberry plants must be fertilized twice a year: 
1) in spring (April) – granulated fertilizer as top dressing; and 
2) during formation of the berries (June) – liquid fertilizer as leaf dressing. 
 
Maintenance of plantation – weed control. A small planation of no more 
than a couple of hectares can be maintained manually. If the plantation is bigger, 
manual maintenance is unreasonable since it is very labour-intensive. Where weeds 
are concerned, Tussoc cotton-grass and birch prevail. Plantation maintenance in-
cludes weeding and, if necessary, trimming. So far, plantation maintenance on Es-
tonian low-bush blueberry plantations has been done manually. 
 
Plant protection. At the outset, plantations established on exhausted milled 
peat fields are free from plant diseases and plant pests. At present, plant protection 
products sprayed from sprayers carried on the back during spraying and/or contact 
plant protection products are used on Estonian blueberry plantations. 
To date, blueberries have been harvested manually in turf moss. 
The maturing signs of a blueberry bush are the splitting of the branch bark 
and its darkening and drying. The number of new growth branches is reduced. Al-
so, lighting conditions within old bushes are reduced, which in turn reduces the 
intensity of photosynthesis. In order to prevent this, it is recommended to cut back 
the older branches of semi-high and low-bush blueberry species. In production 
plantations, cutting back single branches is very labour-intensive. 
Considering the fact that berries grow on young branches, their growth must 
be promoted by means of cutting. In the case of free thinning, old branches are 
removed from the bushes. Approximately 4-6 strong one-year branches and 3-6 
copiously branched several-year-old branches should be left in place. In a bush 
with a thin crown, all berries grow in good lighting conditions. Free thinning is 
labour-intensive and thus on bigger plantations rejuvenation cutting may be done. 
In this case all branches are cut to the ground in early spring, leaving stubs with a 
length of a couple of centimetres. It is important to leave stubs, since new shoots 







Materials and methods  
 
In the development of machine cultivation technology the well-known TRIZ 
method was used, which in this case consisted of the following basic steps (Pahl et 
al., 2007): 
1) determination and formulation of the problem; 
2) setting of the objective; 
3) searching for typical problems similar to the objective set; 
4) analysis of known technical and technological solutions; 
5) generating and selecting ideas; and 
6) choosing the most suitable solution for the problem needing to be solved. 
The problems to be resolved and the development tasks were derived from 
the following: 
1) in fertilizing blueberry plants – dosing of the fertilizer from both the 
quantity and precision of positioning perspectives and productivity of 
operations; 
2) in maintenance – some weed species are also plants with two embryonic 
seed leaves like blueberry plants and thus well-known chemical weed 
control devices cannot be used; 
3) in harvesting – jamming of a picking reel with metal tines of a 
motoblock-type harvester, which tears blueberry plants to pieces and 
pulls them out of the ground; and 
4) the problem of post-harvesting processing – it is complicated to adjust 
well-known sorting devices to sort blueberry species of different sizes. 
Determination of innovative objectives: Blueberry cultivation can be mod-
ernised by means of implementing machines. Use of machines in blueberry cultiva-
tion sets specific requirements (preconditions) on the plants: 
1) mechanical harvesting is possible on constantly maintained and 
rejuvenated plantations; 
2) to allow normal functioning of maintenance and harvesting machines 
the soil surface on plantations should be land-levelled and kept thus 
during usage; 
3) to operate machines, service tracks (technological tracks) should be 
established; and 
4) for successful machine harvesting, old branches should be cut back 
regularly – first rejuvenation cutting is done in the 4th or 5th year, 
afterwards every 2-3 years. 
Plants should be planted in beds which are separated with service tracks for 
technological machines. As the distance of the centre lines of the draining ditches 
dug between the fields established for excavating milled peat is 20 m and the width 
of the ditches is 1 m, the width of the fields is 19 m. If you leave a 0.5 m wide pro-
tection zone along the ditch, the useful width of the field is 18 m. On this field it is 
reasonable to make a 6 m wide bed in the middle and 3 m wide bed on the sides. 




Requirements of structure of spot-fertilizing device: 
1) it must be possible to carry the equipment on your back and it must be 
ergonomic, comfortable and light; 
2) dosing with sufficient precision – deviation from the stipulated value 
shall not exceed ± 3%; 
3) stepless adjustment of bulk fertilizer quantity; 
4) possibility to apply fertilizer to one plant at a time (precision 
fertilization); and 
5) the device shall be portable. 
Besides increasing crop yield, fertilization also influences the development 
of the plants – more precisely the length of the plant stems, whereas higher plants 
droop in every direction.  
Requirements of structure of weed control device: 
1) the device should allow contact treatment of weeds; 
2) the device should be drip-free; and 
3) the device should be portable. 
Requirements of blueberry harvesting: 
1) blueberries should be harvested in due time, when the berries are fully 
ripe – the most suitable time is considered to be August (in Estonian 
conditions berries ripen by the beginning or middle of August) and as 
approximately 90% of berries become ripe at the same time, harvesting 
should take place in one operation; 
2) the duration of harvesting should be as short as possible – approximately 
15-20 days; 
3) under normal load conditions the harvesting loss of a blueberry harvester 
should not exceed 5%; 
4) the ratio of impurities (leaves and other plant remnants) in the berries 
should not exceed 15%; and 
5) the ratio of mechanically damaged (crushed) berries should not exceed 
12%. 
Innovative solutions for devices: During product development the follow-
ing devices were developed: 
1) a portable spot-fertilizing device (precise dosing); 
2) a weed spot-control device; 
3) a blueberry harvester equipped with a reel with flexible picking tines and 
interim tines; and 
4) a stepless adjustment roller for a blueberry sorting device. 
An innovative portable spot-fertilizing device consists of three main com-
ponents (Fig 1): a fertilizer tank 2; a batcher unit including a drive 23; and a pipe-
shaped fertilizer duct and handle with a button switch. A portable spot-fertilizing 
device (Fig 1, a) is provided with two cushioned straps for carrying the device over 
the shoulders. The straps are fastened to the fertilizer tank 2 of the spot-fertilizing 
device. The fertilizer tank 2 is equipped with a tank cap and is designed for storing 




tank of the spot-fertilizing device whose function is to measure the required quanti-
ty of granulated fertilizer and to forward it to the fertilizer duct. The batcher drive 
consists of a step motor together with control units and a power source. The step 
motor is activated by pressing a button 61 on the handle. Each time the button is 
pressed the fluted roller of the batcher rotates by the stipulated rotation angle and 
as a result the adjusted quantity of granulated fertilizer is sprayed each time. The 
size of the rotation angle of the shaft of the step motor is controlled via a control 
unit. The granulated fertilizer released from the batcher moves via a flexible sec-
tion of a pipe-shaped fertilizer duct to the handle, which is equipped with a button 
switch provided with a signal sensor and further on through a fertilizer duct to the 
pipe-shaped rigid section of the fertilizer duct, via which the required quantity of 
granulated fertilizer finally reaches the fertilizing spot – the shoot of the plant. 
 
a)   b)     c)  
Figure 1. Portable spot-fertilizing device: a – model; b – spot-fertilizing device in 
operation, c – principle control scheme: 2 – fertilizer tank, 3 – batcher, 4 – drive, 5 – upper 
part of fertilizer duct, 6 – handle, 7 – lower part of fertilizer duct,  
21 – housing of fertilizer tank, 22 – bottom of fertilizer tank, 23 – cover, 24 – cap, 36 – step 
motor, 41 – power source, 42 – control switch, 43 – micro controller,  
44 – signal diodes of power source, 45 – signal diode set of position of fluted roller, 46 – 
main controller, 61 – button-switch. 
1 pav. Nešiojamas lokalinio tręšimo įrenginys: a – modelis; b – veikiantis lokalinio 
tręšimo įrenginys; c – principinė valdymo schema: 2 – trąšų bakas, 3 – dozatorius, 4 – pa-
vara, 5 – trąšų vamzdžio viršutinė dalis, 6 – rankena, 7 – trąšų vamzdžio apatinė dalis, 
21 – trąšų bakas, 22 – trąšų bako apatinė dalis, 23 – dangtis, 24 – bako dangtelis, 36 –
variklis, 41 – maitinimo šaltinis, 42 – valdymo jungiklis, 43 – mikro valdiklis, 
44 – maitinimo šaltinio signalų diodai, 45 – signalo diodų komplekto padėtis rifliuotame 
volelyje, 46 – pagrindinis valdiklis, 61 – mygtukas-jungiklis. 
 











Table 1. Comparison of the characteristics of fertilizing technologies 
1 lentelė. Tręšimo technologijų charakteristikų palyginimas  
 
Parameter Manual technology Mechanical technology (using portable spot-fertilizing device) 
Productivity ha h-1 0.008 0.06 
Unit cost € 20.00 530.00 
Labour cost € ha-1 504.00 80.85 
Specific cost  € ha-1 506.50 169.18 
 
The portable weed spot-control device (Fig. 2) is designed for applying 
herbicides to weeds. It consists of a bottle-shaped herbicide tank, a manipulator-
like contact head and a shallow connection pipe in between. The connection pipe is 
provided with a support handle with a trigger-shaped lever controlling the manipu-
lator and a holding handle for directing the contact head. 
 
a) b)   c)  
Figure 2. Portable weed spot-control device: a – device model; b – device in opera-
tion; c – working element of device. 
2 pav. Nešiojamas kontaktinio tipo piktžolių kontrolės įrenginys: a – įrenginio mo-
delis,   b – veikiantis įrenginys; c – įrenginio darbinis elementas. 
 
The device helps to apply the minimum quantity of pesticides to achieve 
maximum results. Minimum and contact use ensures that the plant protection prod-
uct does not reach the ground, on the blueberry plants. This helps avoid pesticides 
getting into the soil and from there into ground water. 
The device ensures minimum air pollution when working in strong wind 
conditions. The health of the operator is optimally protected. Data regarding 
productivity and costs of weed control are shown in table 2. 
 
Table 2. Comparison of the characteristics of weed control technologies 
2 lentelė. Piktžolių kontrolės technologijų charakteristikų palyginimas 
 
Parameter Manual technology Mechanical technology (using port-able weed spot-control device) 
Productivity ha h-1 0.006 0.031 
Unit cost  € - 60 
Labour cost  € ha-1 1075.2 129.8 





A blueberry harvester is a small self-propelled machine (Fig. 3) consisting 
of a drive 1 with power transmission elements 2, a parallelogram picking reel 3, a 
berry conveyor 4, a chute 5, a berry tank 6, a copying unit 7, a frame 8 supporting 
the machine elements and assembly units, steering levers 9 and wheels 10. An im-
portant advantage of the machine is the simplicity of the structural design of the 
picking reel 3 as well as its stem-saving workflow, user-friendliness and reliability. 
 
a) b)  
Figure 3. Blueberry harvester: a – principle scheme; b – blueberry harvester in op-
eration: 1 – drive, 2 – power transmission elements, 3 – picking reel, 4 – berry conveyor,  
5 – chute, 6 – berry tank, 7 – copying unit, 8 – frame, 9 – steering levers, 10 – wheels, 11 – 
reel shaft, 12 – picking rake, 13 – rake tooth, 14 – hook spring-tine. 
3 pav. Mėlynių kombainas: a – principinė schema, b – veikiantis mėlynių kombai-
nas:1 – pavara, 2 – energijos perdavimo elementai, 3 – skynimo ritės, 4 – uogų konvejeris, 
5 – latakas, 6 – uogų bunkeris, 7 – kopijavimo įrenginys, 8 – rėmas, 9 – vairavimo rankenė-
lės, 10 – ratai, 11 – ritės velenas, 12 – skynimo grėblys, 13 – grėblio dantis, 14 – spyruokli-
nis kablys. 
 
To avoid the working elements of the blueberry harvester becoming jammed 
and to prevent damage to the blueberry plants, the picking reel 3 is equipped with 
elements 14 to direct blueberry branches into the path of the picking rake 12, where 
the rake teeth 13 of the picking rake 12 are designed to be flexible in order to avoid 
damaging the plants. Elements 14 for directing the blueberry branches into the path 
of the picking rake 12 are designed as hook spring-tines. These elements are rigidly 
fastened to the holder of the picking rake 12, where the function of each element is 
to direct the blueberry branches into the path of the next picking rake 12 during 
rotation of the picking reel 3. 
For the harvesting of the blueberry crop, the blueberry harvester is moved in 
a shuttle pattern starting from the edge of the blueberry field or technological track. 
A parallelogram picking reel 3 gets its rotation from the power transmission 2 of 
the drive 1; the picking reel 3 is rotated in the same direction as the wheels of the 
machine. During rotation of the picking reel 3 the elements designed as hook 
spring-tines 14 direct the blueberry branches that otherwise point in different direc-
tions into the path in which the machine is travelling and the rake teeth 13 moving 
behind the spring tines are directed between the blueberry stems. This operation 
minimizes the risk of the stems getting between the rake teeth 13. After this the 
rake teeth 13 start tearing the blueberries off the blueberry branch. The rake teeth 




the harvesting zone through a chute to the berry tank 6. When the berry tank is full, 
the operator of the blueberry harvester replaces the full tank with an empty one and 
the operation continues. 
If the flexible rake tooth 13 of the picking rake gets stuck on a plant stem or 
a plant stem in the way of the picking rake 12 gets stuck in the tip of the rake teeth, 
additional load is applied to the rake teeth 13 when the picking reel is rotating and 
the rake tooth bends and assumes position 13b (Fig. 4). When the rake teeth 13 are 
bent, the plant stems are released from the tips of the rake teeth. When the plant 
stems are released, the rake tooth 13 resumes its initial position 13a. 
 
Figure 4. The principal scheme of the picking reel of blueberry harvester 
4 pav. Mėlynių kombaino rinkimo būgno principinė schema 
 
ERTACETAL C with the chemical structure of POM-C, (CH2O)n was cho-
sen for the material of the teeth of picking rake 12. Technical specification of the 
material ERTACETAL C chosen for the tooth of picking rake is shown in table 3.  
 
Table 3. ERTACETAL C Technical Specification (Quadrant EPP…) 
3 lentelė. ERTACETAL C Techninė specifikacija (Quadrant EPP…) 
 
Property    ISO Methods      Units ERTACETA L C 
Colour  - - White 
Density  1183 g cm3 1,41 
Trensile strength 527 N mm2 68 
Trensile modulus of elasticity 527 N mm2 3100 
Elongation at break 527 % 35 
Hardness  Rockwell M - 84 
Melting point - ºC 165 
 
ERTACETAL C is an elastic material. Its product range includes a choice of 
material of circular cross-section of 4 mm and 5 mm in diameter (Table 4). In order 







Table 4. Characteristics of the specimens of rake tooth 
 4 lentelė. Grėblio dantų charakteristikos 
 
Parameter  Units Parameter 
Material  - POM-C 
Working length  mm 125 
Diameter  mm 4.0 5.0 
Price* € m-1 0,22 0.33 
Relative price per volume unit % 100 96 
Note: *materials' prices per meter are given without VAT 
 
The height of the picking reel 3 of the blueberry harvester from the ground 
can be adjusted by regulating the position of the copying unit so that the picking 
reel can also pick the berries closest to the ground. The pins of the copying unit 7 
slide between the plants when the blueberry harvester moves on the field and help 
to lift plant stems which have fallen down. Data regarding productivity and costs of 
berry harvesting are shown in table 5. 
 
Table 5. Comparison of the characteristics berry harvesting technologies 
5 lentelė. Uogų derliaus nuėmimo technologijų charakteristikų palyginimas 
 
Parameter Manual technology Mechanical technology (using  blueberry harvester and ATV) 
Productivity kg h-1 4 414 
Unit cost  € 12 13700  
Labour cost € kg-1 1.35 0.04 




This article describes the development methodology of blueberry machine 
cultivation technology and the results thereof. During product development a port-
able spot-fertilization device, a portable contact-type weed control device, a mo-
toblock-type blueberry harvester and a blueberry sorting device were developed. 
An important advantage of the novel picking reel of blueberry harvester is the sim-
plicity of constructive solution, stem-saving workflow, user-friendliness and relia-
bility. Saving the stems was achieved through introducing elastic rake teeth pro-
duced of Polyoxymethylene (POM-C). Elastic rake teeth do not tear the plant stems 
into shreds nor pull the plants out of the ground, but bend when a barrier occurs 
and return to their original shape after overcoming barrier resistance. The conclu-
sion is that implementation of this equipment has a positive impact. Also, the logis-
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Jüri Olt, Margus Arak, Algirdas Jasinskas 
 
MECHANINĖS TECHNOLOGIJOS IŠVYSTYMAS APLEISTŲ DURPIŲ 





Šiame straipsnyje apžvelgti nualintų ir apleistų durpių laukuose įveistų mė-
lynių plantacijų technologiniai ypatumai ir pateiktas atitinkamų auginimo techno-
logijų ir technologinių įrenginių išvystymas. Dirvožemio savybės nualintų ir apleis-
tų durpių laukuose yra specifinės, dėl to jas būtina įvertinti įveisiant mėlynių plan-
tacijas. Šis straipsnis išryškina problemas, kurias reikia išspręsti auginant mėlynių 
krūmus apleistuose durpynuose, užduotis bei gautas technines idėjas ir metodus. 
Siekiant tobulinti auginamų produktų gamybą buvo sukurti šie technologiniai įren-
giniai: nešiojamas lokalinio tręšimo įrenginys; nešiojamas kontaktinio tipo piktžo-
lių kontrolės įrenginys; motobloko tipo mėlynių kombainas ir mėlynių rūšiavimo 
įrenginys. Taip pat buvo aptarti šių įrenginių įdiegimo ypatumai. 
Žemaūgiai mėlynių krūmai, mechaninio auginimo technologija, inžinerinis 
projektavimas ir kūrimas, tręšimas, piktžolių kontrolė, uogų derliaus nuėmimas. 
 
Юри Ольт, Маргус Арак, Алгирдас Ясинскас 
 
РАЗРАБОТКА ТЕХНИЧЕСКИХ СРЕДСТВ МЕХАНИЗАЦИИ ДЛЯ  





В данной статье проведен обзор технологических особенностей план-
таций черники, посаженых в  деградированных или заброшенных торфяных 
полях и представлено развитие соответствующих технологий выращивания и 
технологического оборудования. Свойства почв деградированных и забро-
шенных торфяных полей являются специфичными, потому это необходимо 
оценить перед посадкой плантаций черники. В этой статье освещаются про-
блемы, которые требуются решить при выращивании кустов черники в за-
брошенных торфяниках, а также задачи и полученые технические идеи и ме-
тоды. В целях повышения производства выращиваемых продуктов были раз-
работаны эти технологические устройства: портативный удобритель, порта-
тивное контактное противосорняковое устройство, черникоуборочная маши-
на и устройство для сортировки черники. Кроме того были обсуждены осо-
бенности внедрения этого оборудования. 
Карликовые кусты черники, технология механического выращивания, 
инженерное проектирование и разработка, внесение удобрений, борьба с 
сорняками, уборка урожая фруктов. 
II
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The berries may be attached to the stem as bunches. Such a position may affect the 
measuring results and separate tests were performed to determine the connection force of 
bunches of berries (Figure 2b).  
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The test device’s operation is the following. Plants with berries are cut from near the 
ground in the plantation, put in a sealed plastic bag to avoid drying and brought to the 
laboratory within one hour. The plant’s stem is fastened to the gripper (Figure 2a, 1) and the 
berry or the bunch of berries is placed between the jaw’s (Figure 2a, 2) teeth (Figure 2a, 3). 
Subsequently, an actuator mechanically attached to the jaw is started. As the jaw moves 
vertically upwards (with the speed 5 mm/min) the plant attached to the gripper starts to 
extend and the tension between the berry and the plant’s stem starts to increase until the 
berry is removed from the plant’s stem. The maximum tensile strength allows determining 
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Arak M., Soots K., Starast M., Olt J. (2018): Mechanical properties of blueberry stems. Res. Agr. Eng., 64: 202–208.
In order to model and optimise the structural parameters of the working parts of agricultural machines, including har-
vesting machines, the mechanical properties of the culture harvested must be known. The purpose of this article is to 
determine the mechanical properties of the blueberry plant’s stem; more precisely the tensile strength and consequent 
elastic modulus E. In order to achieve this goal, the measuring instrument Instron 5969L2610 was used and accompany-
ing software BlueHill 3 was used for analysing the test results. The tested blueberry plant’s stems were collected from 
the blueberry plantation of the Farm Marjasoo. The diameters of the stems were measured, test units were prepared, 
tensile tests were performed, tensile strength was determined and the elastic modulus was obtained. Average value of 
the elastic modulus of the blueberry (Northblue) plant’s stem remained in the range of 1268.27–1297.73 MPa.
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Lowbush blueberry (Vaccinium angustifolium 
Ait.) is a native naturally occurring plant in North 
America. This species is managed as a wild crop 
and it has a remarkable position in berry produc-
tion in US and Canada (Strik 2005). The bushes 
of the blueberry are quite small (up to 60 cm tall) 
long-lived woody perennial (Vander Kloet 1988). 
The plant grows stems which then produce branch-
es and the floral buds and later berries are located 
on the upper part of the stem. These berries are 
characterized by a high nutritional value (Gibson 
et al. 2013) and therefore interest of lowbush blue-
berry cultivation is expanded to other countries as 
well. For example in Europe V. angustifolium plan-
tations are established in Estonia (Starast et al. 
2002), Finland (Hiirsalmi, Hietaranta 1989), 
Sweden (Hjalmarsson 2006), Poland (Ochmian 
2013), Belarus (Yakovlev et al. 2016), and Lithu-
ania (Stackeviciene 2003). Several studies have 
shown cultivation of lowbush blueberry is success-
ful and economically profitable on heavily drained 
abandoned peat fields because of soils with high 
organic matter content and low pH (Yakovlev et 
al. 2016; Tasa et al. 2015; Vahejõe et al. 2010; Sta-
rast et al. 2007).
Harvesting of lowbush blueberry has largely been 
done by handpicking but increasingly, cultivated 
blueberries are harvested using different types of 
mechanical harvesters (Yu, et al., 2014; Sibleye 
1993; Yarborouph 1992; Marra et al. 1989). The 
best choice for harvesting blueberries from deplet-
ed peat milling fields is the Darlington harvester or 
walk behind blueberry harvester due to its relatively 
low special pressure applied to surface. Despite the 
lower operating speed and, therefore, lower pro-
ductivity of the Darlington harvester (walk behind, 
single-head unit) compared to the Bragg harvester 
(the harvester is mounted on two- or four-wheel-
drive tractors), its advantage is that it splits con-
siderably fewer berries (Marra et al. 1989). One 
of the real reasons for mechanical harvesting is the 
high demand for manual labour in the agricultural 
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domain which has led to the shortage of berry pick-
ers during the harvesting season.
The mechanical properties of the lowbush blue-
berry plant must be known for modelling the walk 
behind blueberry harvester, also named motoblock-
type blueberry harvester (Arak, Olt 2014; Käis, Olt 
2010), more precisely for choosing the optimal struc-
tural parameters of its picking reel. These properties 
include the connection force between the berry and 
the stem (Arak, Olt 2017) and the tensile strength 
of the blueberry plant’s stem. The first approach to 
the blueberry plant’s stem treats it as an isotropic and 
homogeneous body. The isotropic and elastic body is 
characterised by two parameters: the elastic modulus 
E and Poisson’s modulus (or shear modulus).
There are several methods for determining the 
tensile strength of plant stems. According to litera-
ture (Yu 2004; Amer Eissa et al. 2008; Kowalik et 
al. 2013) tests have been performed to determine the 
tensile strength of reed-mace, millet, cotton, corn and 
sugarcane. In most cases the tensile strength measur-
ing instruments or tensile machines were used.
There may arise problems with attaching the 
plant stems to the tensile machine’s grippers when 
the standard device is used. The plants with strong 
stems can be attached directly between the grip-
pers of the tensile machine without any additional 
clamps. However, in order to perform tensile tests 
on plant stems prone to damages, including blue-
berry plant’s stems, additional softening must be 
added or special grippers must be used to avoid 
damaging. According to literature (Bakeer et al. 
2013; Kronbergs et al. 2011; Hassan-Beygi et 
al. 2010; Kromer 2009) the following attachment 
methods are used:
(1) using a special gripper and adhesive;
(2) using a special gripper and materials increasing 
friction (for example, emery paper, etc.);
(3) attaching to the standard gripper by using epoxy 
paste around the plant’s stem.
These attachment methods have been used for 
performing tensile tests on the stems of sorghum, 
flax, hemp, thistle and saffron. 
The purpose of this article was to determine the 
mechanical properties of the lowbush blueberry 
plant stem in order to model and optimise the 
structural parameters of the walk behind blueberry 
harvester working parts.
Theoretical consideration. It is known from 
mechanics that the elastic modulus E is expressed 




where: σ – mechanical stress, tensile stress in our case; 
ε – elastic deformation
As σ = Fmax/A, ε = ΔL/L0 and A = πd
2/4, the rela-







where: A – surface to which the stress is applied, the 
cross-section surface of the blueberry plant’s stem in 
our case; Fmax – max. tensile force applied; L0 – initial 
length of the unit or blueberry plant’s stem; ∆L – change 
of the length of the test unit or blueberry plant’s stem; 
d – diameter of stem
Therefore, we must proceed from the relation (2) 
in determining the elastic modulus E of the blue-
berry plant’s stem. 
MATERIALS AND METHODS
Experimental procedure. In our case the meas-
uring instrument INSTRON 5969 L (INSTRON, 
USA) with the technical specifications given in Ta-
ble 1 was used. The blueberry plant stems for the 
tensile tests were collected during the harvesting 
period, i.e., on August 3, 2015, August 10, 2015 and 
August 3, 2016. The blueberry plant stems were 
collected from Farm Marjasoo whose blueberry 
plantation has been established on depleted peat 
milling fields in Rannu municipality in Tartu Coun-
ty (Estonia).
Samples preparation. The methods used in this 
study were based on the methods described in lit-
erature (Kronbergs et al. 2011; Shahbazi 2012) 
to attach blueberry plant’s stems to the measur-
ing instrument. Unlike the descriptions in the lit-
erature, instead of plastic clamps the test included 
wooden clamps with dimensions 6 × 15 × 36 mm 
and to which traversing holes with the diameter 
of 3  mm were drilled. The blueberry stems were 
placed to these holes and attached to the wooden 
clamps using two-component instant adhesive 
Loctite 3090. The minimum curing time of the ad-
hesive was 90 minutes. As wood is a material with 
higher elasticity, the attaching force of the gripper 
is transferred better to the clamp through wood, 
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thereby supporting the effect of the adhesive and 
making wood a better material for clamping than 
rigid plastic. The blueberry (Northblue) stems to-
gether with the clamps form the test units (Fig. 1).
Statistical evaluation. Equation (2) can be 
viewed as a function of four variables:
E = F (x1, x2, x3, x4) (3)
where: x1 = Fmax, x2 = L0, x3 = d, x4 = ΔL.
Electrical measuring instruments were used for 
finding the values of xi (Table 2) and it is reason-
able to use type B uncertainty for estimating their 
uncertainty (Laaneots, Mathiesen 2011):





U x t  (5)
where: t∞,β – Student’s coefficient on level of confidence 
β, the value of which is t∞,95% = 1.96 according to Laane-
ots and Mathiesen (2011) and ep is the tolerable devia-
tion of measurements (Table 2).
As the arguments xi of Equation (3) can be treat-
ed as independent values, then uncertainly U(E) 
of the value E can be calculated as follows accord-
ing to sources (Kirkup, Frenkel, 2006; Laaneots, 
Mathiesen, 2011) 
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When applying formula (6) to equation (2), it re-
sults in:
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 0.031.96
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0.011.96
3
U L  (10)
The measured results were processed with the 
software BlueHill 3 (version 3.15.1343) by Illinois 
Tool Works Inc. It was used to calculate the tensile 
stress (σ, N·mm–2), elastic deformation (ε, %) and 
elastic modulus (E, N·mm–2).
Table 1. Technical specifications of the test device.
No. Part Technical description Parameter 
1 Sensor Loadcell 1 kN Measuring range ±1 kN, accuracy ±0.25% of the indicated force
2 Reader Instron 5969L2610
3 Jaw Face VEE JAW S16
Fig.1. The blueberry plant’s 
stem test unit with clamps
Table 2. Tolerance of the used measurement instruments
Variable Symbol Measuring instrument Type Measurement accuracy (ep)
Diameter of stem d digital caliper Mahr 16 EX 0.03 mm
Lenght of stem L0 Digital caliper Mahr 16 EX 0.03 mm
Maximum load Fmax tensile force tester Instron 5969L2610 0.25% RDG
Change of the length ΔL tensile force tester Instron 5969L2610 0.01 mm
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RESULTS AND DISCUSSION
The diameters of the stems collected for testing 
were measured (Table 2), test units were prepared 
and numbered. In order to determine the tensile 
strength of blueberry plant’s stems, the test units 
were placed between the grippers of the measuring 
instrument (Fig. 2); the time of applying stress on 
the test unit, or the tensile time, was decided; ten-
sile tests were performed and data was recorded.
The data collected during testing has been pre-
sented in Table 3. The change of tensile force by the 
change of blueberry plant’s stem’s length during the 
tensile test has been presented in Fig. 3 and the re-
lation between tensile stress and elastic deforma-
tion has been given in. 
The elastic modulus E results of three test series 
(August 3,2015; August 10, 2015; and August 3, 
2016) have been drawn together to Table 4.
It can be concluded from the test data (Table 3) 
that the elasticity modulus of lowbush blueberry’s 
(Northblue) first year’s shoots after pruning is 
1,278 ± 28 MPa and it was determined with 2.2% 
precision.
Table 4. Assembled test data
Date Aug 3, 2015 Aug. 10,2015 Aug 3, 2016
Number of specimens (n) 4 6 5
Diameter of specimen (d, mm) 1.98–2.78 2.30–2.80 1.67–2.25
Length of specimen (L0, mm) 102.4–127.0 109.8–119.7 47.9–86.7
Minimum value of elastic modulus (Emin, MPa) 1,029.80 1,017.40 939.85
Average value of elastic modulus (Eaver, MPa) 1,268.27 1,278.10 1,297.73
Maximum value of elastic modulus (Emax, MPa) 1,604.45 1,558.60 1,571.48
Fig. 2. Measuring instrument INSTRON 5969L2610.
Table 3. Results of the tensile tests (10.08.2015)
Specimen Diameter(d, mm)
Maximum load  
(Fmax, N)
Tensile stress at 
maximum load  
(σ, MPa)
Tensile strain at yield  
(ε, %)
Elastic modulus  
(E, MPa)
1 2.3 122.10 29.91 1.95 1,233.6
2 2.3 134.18 31.20 2.01 1,017.4
3 2.8 198.32 33.15 1.71 1,378.1
4 2.4 129.08 28.53 2.11 1,210.0
5 2.5 163.11 34.04 1.56 1,558.6
6 2.7 169.53 30.51 1.73 1,271.0
Max. 2.8 198.32 34.04 2.11 1,558.6
Mean 2.5 152.72 31.22 1.84 1,278.1
Min. 2.3 107.92 20.64 1.43 1,017.4
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This value of the elasticity modulus differs from 
the value stated in the article Guo Yanling et al. 
(2012) about 2.5 times. At this point it must be 
specified that the article Guo Yanling et al. (2012) 
determines the elasticity modulus for the variety 
Blomidon, which is the first lowbush blueberry 
variety bred for industrial production in Canada 
(Hall, Aalders 1982). Therefore, the difference 
between the elasticity modulus of this article and 
the referred article may be caused by the different 
mechanical properties of the stems of the varie-
ties (diameter, tensile strength). Furthermore, Guo 
Yanling et al. (2012) have not described the meth-
od for determining the elasticity modulus. 
CONCLUSION
The test results showed that the elastic modulus E 
of the blueberry (Northblue) plant’s stem remained 
in the range of 940–1605 MPa, but the average val-
ues of the elastic moduli E of three different test 
series were in the range of 1,268.27–1,297.73 MPa. 
The difference is only 2.2%.
Fig. 4. Relation between tensile 
stress and elastic deformation 
points indicate yield point and num-
bers are indicate specimen number, 
test series 10.08.2015
Fig. 3. Relation between tensile 
force and elongation of blueberry 
plant’s stem
points indicate yield point and num-
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The correlation coefficient between E and d is 
–0.144 which expresses weak correlation and, 
therefore, the use of stems with different diameters 
has no effect on the reliability of determining the 
value of E. Depending on its diameter the tensile 
strength of blueberry plant’s stem remains in the 
range of 100–200 N. The obtained results can be 
used for modelling the working parts of blueberry 
harvesters, more precisely the picking reel. 
The properties of blueberry plant’s stem are 
probably influenced by its age, however, this first 
approach to the topic did not include this effect.
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           
device’s 
               









Lowbush blueberries, the height of which is between 10…60  

            






           
              
         
      

             
             
           
















                
direction, as well as the angular speed of the kinematic parameters’ picking reel ω
            
λ






ω–       ω–    


                

           











 –     –      
              
ω–ω–











              
       












































          ω  
             
ω













































































   
   
   
 γ  

       
ω






     β– 
β≠β0…360

            
            
βωπ/2 and considering also 

≤
































  K., Kaldmäe,       
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In order to increase the cost-effectiveness of blueberry (Vaccinium) cultivation in blueberry plantations, all of its technological 
operations should be automatized. It is reasonable to start the automation of blueberry cultivation from the technological operation of 
fertilising the blueberries as the main purpose of this operation is to dose a prescribed amount of fertiliser under the plant’s crown. 
When a new blueberry plantation is established on depleted peat milling fields, then the plants are set at pre-determined steps into 
parallel rows. Fertilisation of the plants in the first years of growth must be performed individually, i.e. each plant is fertilised 
separately. This is called precision fertilisation. In order to design the technological devices for blueberry cultivation, including the 
fertiliser robot, it is important to know the location of plants on the field or, more precisely, their position in the row. The goal of this 
study is to determine the position of blueberry plants in the plantation. In order to meet the goal, measurements were performed in the 
blueberry plantation and the position of plants in randomly chosen row was measured. It became clear from the study that plants are 
not positioned regularly at equal intervals in a straight line; therefore, the fertiliser robot to be designed must include the functions of 
plant identification and control of fertiliser jet to ensure individual or precision fertilisation of plants. 
Keywords: blueberry plantation, plant identification, position of plants, precision cultivation, robotization
INTRODUCTION
According to sources (Olt et al., 2013; Starast et al., 2002; Retamales, Hancock, 2018; Zydlik et al., 2016), the 
blueberry (Vaccinium) cultivation system contains the following technological operations: 1) soil preparation, 2) planting 
of the plants, 3) maintenance of the plantation, 4) fertilisation of plants, 5) plant protection, 6) improvement of soil 
properties with vaccines 7) harvesting, 8) post-harvesting processing and 9) cutting back the plants or rejuvenation 
pruning. These technological operations can be performed either manually or using a machine (Olt et al., 2013; Scherm 
et al., 2010), whereat the latter method of cultivating the blueberries is more productive and efficient than the former 
(Käis, Olt, 2010; Takeda et al., 2017). Blueberry plantations have been established on mineral soils, but also on depleted 
peat milling fields (Peatland Ecology…, 2009). Machines have been developed for performing all of the technological 
operations in blueberry plantations established on mineral soils. 
Peat milling fields have a pH level and moisture regime that is suitable for blueberry cultivation (Noormets et al., 
2003; Smagula et al., 2003; Arak et al., 2018); however, their ground has a low load bearing capacity and, therefore, 
machines with very low special pressure can be used here and, unfortunately, these have not been in the centre of attention 
of larger machine-building companies. A few smaller companies have produced machines and devices that can potentially 
be used in plantations established on peat milling fields (Olt et al., 2013). 
One of the possibilities of reducing the unit cost of blueberry cultivation is by implementing machines. The use of 
machines in blueberry cultivation sets specific requirements to the plantation, namely the following: 1) the use of 
machines is possible in continuously maintenanced and pruned plantations; 2) in order to ensure the normal operation of 
servicing and harvesting machines, the ground of the plantation must be level and it should remain level during 
exploitation; 3) service or technical roads must be established; 40 machine harvesting requires the periodic pruning of old 
branches; the first rejuvenation pruning is performed from the 8th to 10th year, thereafter every 3–4 years. 
The efficiency of machine cultivation of berries, including blueberries, can be further increased by using the 
methods of precision cultivation (Chang et al., 2012) and by robotizing the performance of its technological operations. 
It is reasonable to start the robotization of blueberry cultivation from the fertilisation of the plantation by modelling a 
fertiliser robot. It must be taken into account that the availability of nutrients in the soil affects significantly the 
productivity of the plants (Farooque et al., 2012); greater fertilisation norms (nitrogen up to 150 kg ha-1) improve 
significantly the growth of the plants and improve yield (Ehret at al., 2014), especially on soils low in nutrients (Starast 
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et al., 2007; Paal et al., 2011). A strong positive relation has been found between the availability of nutrients and the 
vegetative parameters of the blueberry plant: the plant’s height and area of the leaves (Leit, 2017; Vainura, 2018). 
However, fertilisation depends on the properties of a specific soil and the plant’s age, which results in a specific 
norm for each fertiliser. From the point of view of the plant’s age, it should be kept in mind that the root grows each year 
and this results in a larger area to be fertilised. In the first year, the fertiliser should be spread to a smaller area of about 
20 × 20 cm around the plant; at the age of 6–8 years, the area of plant’s roots has achieved maximum dimensions (about 
100 × 100 cm); this also depends on the density of plantation: if the distance between plants in a row is 150 cm, then the 
area to be fertilised is 150 × 150 cm). 
The following main and specific functions need to be defined to design a fertiliser robot for blueberry plants: 1) 
the blueberry plants in the plantation have been placed at certain intervals (1, 1.5 and 2.0 m) in a row and, therefore, the 
fertiliser robot must move in a straight line on the field along the plant row; 2) fertiliser must be spread around the plant
under its crown (Hart et al., 2006); 3) blueberry plants must be fertilised 2–3 times per season by dosing 30–80 g plant-1
(less in the first years, more in the later years (Hart et al., 2006), which means that the dosing unit of the fertiliser robot 
must be adjustable for dosing predetermined amounts of fertiliser. It is not possible to use overall fertilisation in a 
blueberry plantation as this will result in the thriving of weeds and this would raise the maintenance costs unexpectedly. 
If the blueberry plants would be located in one row and at fixed intervals, then the designing of the fertiliser robot 
would be relatively easy. However, the plant rows are usually not straight, because the plants are not located in distinct 
rows and the distance between them varies; therefore, the fertiliser robot must be equipped with the functions of 
identifying the blueberry plant and controlling the fertiliser jet. Thus, the goal of this study is to define the position of
blueberry plants in plant rows in established blueberry plantations. 
MATERIALS AND METHODS
Studies were carried out in June 2018 in the in Toomas Jaadla’s Marjasoo farm blueberry plantation in Rannu 
municipality in Tartu County (Estonia) (Fig. 1).
Figure 1. Top view of the Marjasoo farm’s blueberry plantation (photo A. Arula, Droon Phantom Advanced)
A random plant row with plants 1 (Fig. 2) of two years of age was chosen in a young blueberry (Vaccinium 
angustifolium Ait.) plantation for determining the position of blueberry plants.
Figure 2. Fragment of a headland in the Marjasoo farm: 1 – plants, 2 – technical road, 3 – measuring rod (1 m) (photo A. Arula, 
Droon Phantom Advanced)
In order to determine the position of plants 1 (Fig. 3) in rows, rope 2 was placed 400 mm from the first and last plant 
of the row (on the side next to the technical road) and measuring tape was used to measure using the accuracy of 5 mm. 
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A B
Figure 3. Scheme for determining the parameters of a blueberry plant row: parameters of the plant row (A) and geometrical parameters 
of the plant (B): 1 – plants, 2 – base rope, a – distance of a plant from the base (measuring) rope, b – length of the edge perpendicular 
to the measuring line of the blueberry bush’s projection, c – length of the edge parallel to the measuring line of the blueberry bush’s 
projection, d – distance between the plants, h – height of the plant 
A crater for planting had been formed around the plant using hand tools and the plant is located in the centre of 
this crater (Fig. 4) with the following parameters: outer diameter of the planting crater Dv = 935 mm, inner diameter of 
the planting crater Ds = 340 mm and height of the planting crater hk = 93 mm. 
Figure 4. Parameters of the crater around the blueberry plant: Dv is the outer diameter of the crater, Ds – its inner diameter, 2 – base rope.
RESULTS AND DISCUSSION
One plant row planted in 2016 in Toomas Jaadla’s Marjasoo farm’s blueberry plantation was chosen for measuring. 
The characteristic technological parameters of this row were the following: 1) total length of the row of blueberry plants 
is 177 m; 2) distance between plant rows is 2.7 m; 3) a technical road of 1.5 m was located between the rows; 4) the 
number of plants in the row is 130, including 15 plants that have dried and 2 planting craters hold 2 plants each. 
It became evident during the positioning of blueberry plants in the row (Fig. 5) that the deviation of plants from 
the central axis remained in the range of −295 mm to 365 mm. 






















Distance from the beginning of the row, mm
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It became evident from data analysis (MS Excel) that the average distance of plants from the central axis of the 
plant row is relatively small (only 1.8 mm); however, as the plants are located on both sides of the central axis and they 
have a wide range (660 mm), then the standard deviation is a high ±162 mm. The asymmetry multiplier (skewness) and 
excess (kurtosis) of the position of the plants are 0.35 and −0.86, respectively. It can be claimed using this information 
that the majority of the plants are positioned to the left of the plant row and distances have concentrated away from the 
mean value towards the negative values. The distribution of plant positions is described in Figure 6.  
 
 
Figure 6. Histogram of the upper limits of the distance of blueberry plants to the central axis of the plant row 
 
The mean distance of blueberry plants in the row described in Figure 2 including standard deviation, is 1372 ± 
166 mm, with the minimum and maximum distance between the plants being 915 and 1800 mm, respectively. The 
asymmetry multiplier (skewness) and excess (kurtosis) of the distance between the plants are −0.17 and 0.26, respectively; 
this can used to claim that the majority of the distances are greater than the mean value. The distance between the plants 
in a plant row has been described in Figure 7.  
 
 
Figure 7. Histogram of the upper limits of the distance between the plants 
 
From the point of view of modelling the fertiliser robot, it is necessary to know the dimensions of the projection 
of the blueberry plant’s leaves. This study treats the shape of a blueberry plant as a rectangle with side’s mean length, 
including standard deviation, being 180 ± 84 mm and 189 ± 87 mm. The perpendicular (b) and longitudinal (c) length of 
the projection of leafage varies greatly: b = 50...480 mm and c = 40...440 mm. The measurement results have been given 
in Table 1 and illustrated in Figures 8 and 9.  
 
Table 1. Parameters of blueberry plant’s leafage and height 
Parameter b, mm c, mm d, mm 
Mean 179.8 188.7 219.7 
Standard deviation 83.7 86.9 57.9 
Kurtosis 1.2 –0.1 0.6 
Skewness 1.1 0.7 0.3 
Range 430 400 330 
Minimum 50 40 60 
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Figure 8. Histogram of the upper limits of the projection of the width of the leafage of blueberry plants 
 
 
Figure 9. Histogram of the upper limits of the projection of the length of the leafage of blueberry plants 
 
The height of the blueberry bush must be known to determine the machine’s clearance. The measurement results 
of the heights of blueberry bushes have been illustrated in Figure 10 and statistical data has been presented Table 1.  
 
 
Figure 10. Histogram of the upper limits of the height of blueberry plants 
 
Table 1 shows that the height of plants varies greatly (330 mm), which also gives an input for modelling the 
parameters of the fertiliser robot.  
This study is one of the first steps in defining the technology of blueberry plantations established on depleted peat 
milling fields. The obtained results can be used for modelling technological machines and continuing research. Results 
show that manually planted plants may not be located in a straight line; the deviations from the central axis of the plant 
row in this study were −295 up to 365 mm. At the same time, the distance between the plants or their interval was not 
homogenous and remained in the range of 915 to 1800 mm. The values of the perpendicular and longitudinal projections 
of leafage vary greatly, 50...480 and 40...440 mm, respectively. The mean height of two-year-old plants was 220 mm, but 
this value also varies greatly in the range of 60 to 390 mm.  
The numerical values obtained in this study can be used to determine the overall machine-building dimensions 
(like the working range of the fertiliser unit, clearance of the machine) of the prototype of the fertiliser robot to be 
designed. The functions of an autonomous fertiliser robot must include the identification of a blueberry plant and control 




This study is one of the first studies to define a blueberry plantation on depleted peatland fields. The results are the 
basis for further research. The results shows that the manually planted plants do not lie in one narrow row, but the plants 
are located on both sides of the central axis in a wide range (660 mm). Also, the distance between plants in a row varies 
greatly (915…1800 mm). 
Consequently, the fertilizer robot to be designed must be equipped with a blueberry crop detection device and a 
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Abstract. The functional working tool on the blueberry harvester is its rotating picking reel. Its 
working element is the picking rake which is attached to the picking reel. A total of four rakes 
are attached to the picking reel. A picking rake includes an axis which is attached in an articulated 
manner between the reel’s end discs, and pin-shaped teeth which are rigidly attached to it. The 
picking rake’s tooth must be made of a fully flexible material to prevent damage to the blueberry 
plant. The aim of this research was to determine the flexure of test specimens (plastic rods) which 
have been constructed from a fully flexible material of different conditions, along with the 
suitability for use of such flexible material as the teeth on the picking rake. As a result of this 
study, it became clear that, based on the results from flexure, durability, and residual deformation 
tests, it is more expedient to choose Ertacetal C (POM-C) as the material for the picking reel’s 
tooth, with a diameter of 4.3 mm. 
 




Blueberry plantations have been established on mineral lands, but also on exhausted 
milled peat fields (Peatland Ecology Research Group, 2009). Machinery has been 
created to take care of all technologically-involved operations, including harvesting, 
where medium and tall blueberry varieties are concerned which have been planted on 
mineral lands. 
According to the available literature (Starast et al., 2007; Olt et al 2013; Ali, 2016; 
Retamales & Hancock, 2018), blueberry cultivation consists of a series of 
technologically-involved operations, of which harvesting is one of the most  
labour-intensive-, and logistically-demanding operation. Harvesting can be done by 
machine or hand harvest, with machine harvesting optimizing harvest efficiency (Käis 
& Olt, 2010; Olt et al., 2013; Takeda et al., 2017). 
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With lowbush blueberries (Vaccinium angustifolium Ait.), which have a plant 
height of 10–20 cm and whose berries ripen more or less simultaneously (Noormets et 
al., 2003), it is common practise on mineral lands to harvest them commertcially using 
automated equipment (Fig. 1) and a horizontally-located rotating picking reel (Fig. 2, a, 
b), with its working element being a picking rake (Heinloo, 2007; Arak & Olt, 2014). The 
etc) and crushed berries are not separated by the harvester. Therefore the harvester’s 
technologically-involved operations involve separating the berries from the stalks 
without any damage and to direct them to the exchangeable berry boxes or containers 
during the operation by means of a chute. 
The main disadvantage of the motoblock harvester for use with lowbush blueberries 
is the risk of damaging the plants, such as pulling them out of the ground. The process 
of damaging and tearing the plants occurs as follows: on a plant with long stems, where 
the stems are low to the ground in all directions around the centre of the plant due to the 
weight of the berries, those stems which mainly face in the same direction as the picking 
rake often get stuck between the picking rake’s teeth as the picking rake moves 
downwards. The stems of a blueberry plant which are caught between three or more teeth 
are torn to shreds or are pulled out of the ground by the rotating picking reel when the 
wheel is equipped with rigid teeth (usually made from stainless steel). There is no 
problem with plants which have low stems of up to 15 cm long, as they mainly remain 
upright, but it is a serious problem for plants with stems which are longer than 20 cm. 
The problem comes from poor compatibility between variations in plant growth and the 
picking reel teeth in currently-available blueberry harvesters. 
The simplest technical solution to the problem would be to replace the rigid picking 
rate teeth with flexible teeth. To accomplish this, a material with suitable properties must 
be selected for the production of the teeth. 
According to Fig. 2, a, the operating elements of the picking reel 1 are horizontal 
picking rakes, which comprise picking rake teeth, 3, which are rigidly affixed to the axes, 
2, which in turn are attached in an articulated manner between the side discs. The picking 
rake teeth, 3, are designed to be produced from a flexible material in order to prevent 
damage being inflicted on the blueberry plants. The picking rake teeth, 3, can be located 
picking rake is of the parallelogram 
type, which means that a picking 
rake remains parallel to its initial 
position at any angle of rotation. The 
picking rake contains an axis which 
is attached in an articulated manner 
between the end discs, to which teeth 
are rigidly attached in parallel with 
each other. The teeth are attached to 
the axis of the picking rake with 
spacing that allows them to move 
between blueberry plants without 
damaging them, while separating the 
berries from the stalks. This format 
is also known as a coarse harvester, 
which means that any impurities 




Figure 1. The main assemblies and parts of a 
motoblock-type harvester: 1 – engine; 2 – berry 
box; 3 – chute; 4 – conveyor; 5 – picking reel; 
6 – hook spring-tine; 7 – copying unit; 8 – picking 
rake; 9 – rake tooth; 10 – wheels; 11 – transmission; 
12 – frame; and 13 – steering levers. 
   1          2          3          4          5 
   13        12         11        10           9         8         7         6 
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positions 3a and 3b. The berries are separated from the stalks by means of the teeth, 
3, which are moved through the blueberry stalks. In the initial position, 3a, with this 
being the unloaded position, the picking rake is straight; in the loaded position, 3b, the 
picking rake is bent (Fig. 2, a). If a picking rake’s elastic tooth, 3, gets stuck behind a 
plant stem or if a plant stem located on the picking rake’s path gets stuck between the 
ends of the teeth, the rotation of the picking reel, 1, places an additional load on the teeth, 
3, with the tooth bending and assuming position 3b. When the teeth, 3, bend this means 
the plant stems are released from between the ends of the teeth and tooth moves past the 
plant without damaging the stem. After being released from the plant stems, the teeth, 
3, reassume their initial shape, as in position 3a. The picking rakes are connected 
according to the parallelogram principle and the angle γ of the tooth, 3, is adjustable. 
 
a)   b)   
 
Figure 2. The blueberry harvester’s picking reel: a) the principal schematic; b) prototype, with 
1 – picking reel, 2 – picking rake, 3 – rake tooth, 3a – straight tooth, 3b – bent tooth, and 
4 – spindle. 
 
The aim of this work was to determine the flexure and durability of test specimens 
(plastic rods) which have been produced from elastic material which have differing 
general parameters, ie. observing and testing their suitability for use as picking rake 
teeth. The modified harvester with the flexible picking teeth may improve harvest 
efficiency and reduce plant damage, but requires testing to determine the feasibility of 
using this new harvester technology. Additionally, picking teeth conditions need to be 
studied to optimize harvest. 
 
MATERIALS AND METHODS 
 
In the case of lowbush blueberry harvesting, the system’s elements are the 
blueberry plant, namely its berries, ie. the crop, along with the plant stalk which supports 
the berries, and the plantation and working harvester, which together form the blueberry 
cultivation system and subsystems. When the values of the relationships between the 
elements are known, it is possible to design harvesting technology in such a way that the 
requirement of preventing plant and berry damage during harvesting is ultimately 
fulfilled. 







The Fig. 3 describes the forces exerted by the tooth on the berry and the plant during 
berry picking, where Fc is the connection force between the berry and the stem, Fs is the 
tensile strength of the plant’s stem, and the connection force Fa between the stem and 
the soil, Fl is the lifting force, Fg is the gravitational force, Em is elastic modulus of rake´s 
tooth material and Es is tensile strength 
of plant’s stem. It is evident from 
Fig. 3 that, in order to avoid damaging 
the crop or blueberry plants during 
harvesting, the harvesting machine 
must be designed in such a way that 
the following condition are fulfilled: 
𝐹𝐹𝑎𝑎,𝑚𝑚𝑚𝑚𝑚𝑚 > 𝐹𝐹𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 > 𝐹𝐹𝑙𝑙 > 𝐹𝐹𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚
𝐸𝐸𝑚𝑚 > 𝐸𝐸𝑠𝑠
} (1) 
When taking these variables 
(Arak & Olt, 2017; Arak et al., 2018) 
into account, the material to be selected 
for the picking elements or the picking 
rake’s teeth should be able to separate 
the berries, but should do no damage 
to the plant, or crush it, or tear it from 
the ground, and neither should it bruise 
the berries. Test work was carried out to 




Figure 3. Those forces which are applied to a 
blueberry plant by the harvesting machinery 
flexible picking teeth: 1 – the picking reel’s 
teeth; 2 – the berry on the blueberry plant; 3 – the 
blueberry stem; 4 – the field surface.  
Any description of those forces which are applied in the blueberry harvester’s 
picking reel should be based on the coordinate system O1X1Z1 (Fig. 4, a), as related to 
the berry that is to be removed, where the origin O1 is located at the connection point 
between the berry and the stem, axis Z1 is parallel to the blueberry plant, and the positive 
direction of the axis is directed towards the berry’s surface and mainly forms a right 
angle with the non-deformed tooth. 
 
a)   b)   
 
Figure 4. A diagram which characterises the work of a picking tooth: a) stages (P1-P4) of work 
of picking tooth; b) angles characterizing the work process for an elastic tooth. 
 
The following forces are applied to the connection point between the berry and the 












In order to separate the berry from the stem, the force Fx which is applied to the 
connecting stem must be greater than the connection force Fc, max between the berry and 
the stem. 
The tooth of a picking reel is straight in the unstressed position (Fig. 4, position 1). 
Due to force Fc, the stressed tooth attains position 2, which forms a flexure in comparison 
to the straight tooth, as expressed by the angle of inclination β. The angle of inclination 
γ of the blueberry harvester’s prototype can be changed within the range of 40°–70°. 
The extent of any bending is determined by the value of connection force Fc. 
The berry is removed from the stem when the inequality (1) and following condition 
(2) is fulfilled: 
β < γ, (2) 
where γ is the angle between the non-deformed tooth and the vertical direction. 
The calculation of the force being applied to the tooth is based on the following 
assumptions: 
1. The maximum yield of the blueberry plantation: 17,000 kg ha-1, or 1.7 kg m-2 
(Siliņa & Liepniece, 2020); 
2. The mass of an individual berry: 0.14–3.40 g (Soots et al., 2017); 
3. Therefore, about a thousand berries grow over one square metre; 
4. The blueberry harvester’s prototype (Arak et al., 2018) has teeth that are placed 
21.5 mm apart, with a length of 125.0 mm. The maximum working area for one pair of 
teeth is 0.27×10-3 m2. 
As arising from assumptions 1˗4, there are three berries for one pair of teeth during 
a working cycle (Fig. 4, a, P1-P3). When we apply a reserve factor of three, a pair of 
teeth will pick about ten berries during one working cycle. 
According to Arak & Olt (2017), the connection force of berries that are ripe for 
harvesting was 0.17–0.83 N and 0.89–1.93 N for unripe berries. The numerical ratio 
between ripe and unripe berries during harvesting season is 80% and 20% respectively. 
Therefore, the maximum force to be applied to one pair of teeth is 12 N. 
The gravitational force which results from the tooth’s mass itself is small (0.025 N 
for a tooth diameter of 4.3 mm and 0.038 N for a tooth diameter of 5.3 mm), and may be 
dismissed. Likewise, the gravitational force which results from the berry’s mass may be 
dismissed as its maximum value is 0.034 N. 
Selecting the materials for the teeth: an engineering plastic Ertacetal C (Acetal 
Copolymer, POM-C) was chosen as the material for the flexible teeth as it is 
characterised by its great mechanical strength, its impact strength, and its ability to be 
treated by cutting in manufacturing process of tooth (Olt & Arak, 2012). 
Selecting the diameter of the teeth: two choices of material were selected so that 
the test could be carried out, with a round cross-section of the diameters of 4.3 mm and 
5.3 mm. 
The following tests were carried out when it came to selecting the diameter of the 
materials being used on the picking reel teeth, D: 
1) Determining the plastic deformation of the teeth by systematically bending the 
material at various diameters (4.3 mm and 5.3 mm); 
2) The resistance of the teeth to breaking-in so-called semi-aggressive and 
aggressive bending modes. 
3) Measuring the flexure of teeth at various loads. 
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Describing teeth flexure theoretically 
To investigate the flexure of the 
picking reel, we consider the tooth as 
being a cantilevered homogeneous 
beam (Fig. 5). This beam is 
characterised by the modulus of 
elasticity Em and the moment of 
inertia I. 
The finite element method, 
FEM, has been used to study tooth 
flexure (Logan, 2007). The picking 
reel’s tooth (Fig. 5) is rigidly attached 
at point 1 (Fig. 5), and is loaded at 
point 2 by force F. The beam is now 
modelled using two elements, I and 




Figure 5. Cantilever beam being subjected a 
concentrated load: a) unloaded beam; b) loaded 
beam. 
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]. (4) 
The total stiffness matrix K is the result of assembling K1 and K2. 
𝐾𝐾 = 𝐾𝐾1 + 𝐾𝐾2 (5) 
Through direct superposition and considering (3) and (4), the governing equation 































Considering the boundary conditions at node 1, we have: 
𝛽𝛽𝑡𝑡1 = 0 (7) 
and: 
𝑑𝑑1𝑦𝑦 = 0. (8) 
The momentum of inertia I for the beam with a circular cross-section can be described 
(Mäkelä et al., 2011): 
𝐼𝐼 = 𝜋𝜋𝐷𝐷
4
64 . (9) 
Due to the initial task (Fig. 5), we get: 


















where La – distance of the attachment point from the point at which the force F was 






Experiments for studying the flexure of the teeth 
Tests were carried out with tooth materials of two different diameters: D1 = 4.3 mm 
and D2 = 5.3 mm (these values have been chosen based on theoretical calculations 
and material availability). Tooth (1) was connected to the stand (2) as a cantilever 
(Fig. 6, a). The tooth was stressed with plastic weights (3) which were connected to a 
point that was 20 mm from the free end. The loads were connected to the tooth (1) using 
a hinge (4) which ensured that the applied force was vertical. The room temperature was 
22 °C and relative humidity was at 26% during the tests (the value of the material’s 
modulus of elasticity Em was determined under the temperature and humidity conditions 
of 23 °C and 50%). 
 
a)   
 
b)   
 
Figure 6. Test stand for measuring the tooth’s flexure, a): and a digital model of the tooth’s 
flexure b): with three weights (position 5), six weights (position 6), nine weights (position 7), and 
twelve weights (position 8), where l is the flexure of the cantilever beam and L is the distance 
between the cantilever attachment point and the weight attachment. 
 
The flexures of the tooth (1) under various loads were scanned using a Nikon 
MCAx20/MMD50 portative laser scanner. After scanning, the resultant data was 
processed, a digital model was prepared, and flexure measurements were carried out 
using the software package, ANSYS SpaceClaim 2017. 
A universal lathe was used to carry out the durability test on the tooth test 
specimens. The test equipment contained a fragment of a picking rake to which two tooth 
specimens were rigidly attached, one with a diameter of 4.3 mm and the other with a 
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diameter of 5.3 mm. The fragment of the picking rake was installed on the lathe’s jaws. 
A roller acting as an artificial obstacle was attached to the lathe’s blade holder to simulate 
the passage of teeth between blueberry plants and their effect on the teeth in the test. Its 
distance from the axis of rotation of the picking rake fragment was less than the length 
of the tooth, while the tooth flexed upon its passing the artificial obstacle. The rotation 
of the lathe mimicked the work of the teeth upon blueberries being harvested, creating 
repeated bending cycles. The total number of revolutions for the test piece and therefore 
also the number of flexings in the teeth was 23,300. 
During a field test, a blueberry crop (a mixt of several varieties) was harvested from 
a 0.1 hectare test plot. The test was carried out on Marjasoo Farm in Tartu County, South 
Estonia. The aim of the test was to check the durability of the flexing teeth in a 
commercial setting. The picking reel of used harvester has four rakes (Fig. 2, a), every 
rake has 66 tooth. The length and diameter of the tooth was controlled with the digitaal 
caliper ((Mitutoyo 200 mm) during of the installation of them, rotational speed of 
picking reel was controlled with rotational speed measuring device (TЧ 10-P). The 
flexure of teeth (5 randomly selected teeth on each rake) was measured before and after 
harvest of test plot with digital angle meter (ADA 20). 
 
RESULTS AND DISCUSSION 
 
The theoretical flexures lt and βt and the measured flexures lm and βm for materials of 
various diameters are given in Table 1 and Fig. 7, where lm and βm. are the arithmetic means 
 
 
Figure 7. Calculated and measured (with standard deviation) flexures (in degrees) of a tooth with 






















of the three series of measurements. The 
calculations were carried out in the Mathcad 
15.0 environment. For the theoretical 
calculations, the value of Em was selected 
to be 3,000 MPa (Mitsubishi, 2020). 
The teeth’s work in passing through a 
blueberry plant and in removing the 
berries from the stem was simulated by 
loading the teeth with weights. 
 
Table 1. Calculated and measured flexures of 
a tooth with diameters of 5.3 mm and 4.3 mm 
























Theoretical calculations (Eq. 11 and 12) and test results (Table 1 and Fig. 7) 
showed that the following results: 
1) at maximum load (12 N), the flexure of the 4.3 mm diameter tooth test piece  
was at 70°; 
2) at maximum load (12 N), the flexure of the 5.3 mm diameter tooth test piece  
was at 35°; 
3) the differences between the theoretical and test results for materials with 
diameters of 4.3 mm and 5.3 mm are 10.1% and 5.1% respectively. 
The results show that selected material with both diameters are suitable as materials 
for a picking reel’s teeth as they both fulfil the condition under maximum load which 
was stipulated by Eq. (2). 
The durability tests for the teeth revealed that, upon the long-term loading (23,300 
flexings cycles) of the teeth, the residual deformation of a tooth with a diameter of 
5.3 mm is up to three times higher than is the residual deformation of a tooth with a 
diameter of 4.3 mm (Olt & Arak, 2012). 
No teeth were broken during the field test, but a flexing effect was observed in the 
tooth material (in the form of spring-back). The number of revolutions of the teeth during 
this test was 2,300. The average deviation of the free ends of the teeth from the 
longitudinal axis was 1.2 mm. After being left at a standstill for three days at a 
temperature of T = 20–22 °C, a new set of measurements were carried out with the 
following results: the permanent deformation in the 4.3 mm diameter teeth had 




As a result of the flexure as the material for the picking reel’s teeth, both 4.3 mm 
and 5.3 mm diameter test specimens were found to be suitable for the production of 
teeth, with the difference between theoretical and test results for 4.3 mm and 5.3 mm 
diameter materials being 10.1% and 5.1% respectively. 
The flexing teeth do not tear the stem apart and neither do they pull the plants out 
of the ground, instead bending when an obstacle is encountered and regaining their 
original shape after clearing the obstacle. 
Based on the results of all three tests - the flexure, durability, and residual 
deformation tests – the Ertacetal C with a diameter of 4.3 mm was shown to be a suitable 
replacement for standard teeth made from (stainless) steel, that led to reduced plant 
damage. This diameter was preferred over the 5.3 mm diameter because it has less 
residual deformation and the initial position recovers faster. 
Further research should be done, such as larger field testing that evaluates long-
term durability, harvest efficiency, economics of the proposed system, and impacts on 
berry quality. Also the length of tooth of picking rake and kinematic parameters (rotation 
speed of picking reel and working speed of the blueberry harvester) are also affect 
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